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ABSTRACT OF THE DISSERTATION
Understanding the Molecular Mechanisms of Photoferrotrophy and Phototrophic Extracellular
Electron Uptake
by
Dinesh Gupta
Doctor of Philosophy in Biology and Biomedical Sciences
Plant and Microbial Biosciences
Washington University in St. Louis, 2020
Professor Arpita Bose, Chair

Several anoxygenic phototrophs grow by utilizing soluble iron or insoluble mixed-valence
iron minerals (such as rust) as electron donors to fix carbon dioxide using light energy, a process
called photoferrotrophy. Photoferrotrophs can also use electron donors such as poised electrodes
that serve as proxies for rust via phototrophic extracellular electron uptake (EEU). Despite the
recognition that these two related microbial processes contribute to various biogeochemical cycles
such as iron and carbon, the electron uptake mechanisms underlying photoferrotrophy and
phototrophic EEU are poorly understood. To address the key knowledge gaps in our understanding
of these microbial metabolisms, here we characterized Rhodopseudomonas palustris TIE-1 as a
model photoferrotrophic bacterium via a combinatorial approach using genetics, biochemistry,
microfluidics, and bioelectrochemistry. This study demonstrates that photoferrotrophs such as R.
palustris TIE-1 produce a porin-cytochrome complex at its surface, which acts as an electron
conduit to harvest electrons across the outer membrane from both soluble iron and poised
electrodes. The electron conduit consists of a single periplasmic decaheme cytochrome c (PioA)

xiii

and an outer membrane porin (PioB). To the best of our knowledge, this is the first report of an
EEU mechanism in a photoautotrophic microbe. This mechanism is distinct from those used by
non-phototrophic bacteria because the PioAB electron conduit contains no apparent extracellular
cytochrome c component. This study shows that PioA undergoes postsecretory proteolysis of its
N-terminus to produce a shorter heme-attached PioA (holo-PioAC, where PioAC represents the Cterminus of PioA). The holo-PioAC is an iron oxidoreductase that exists freely in the periplasm
and forms a membrane-associated complex with PioB. The extended N-terminal peptide controls
heme attachment, and its processing is required to produce wild-type levels of holo-PioAC and
holo-PioACB complex. The postsecretory proteolysis of the N-terminal extension of PioA-like
homologs to produce a functional holo-PioAC and the formation of holo-PioACB electron conduit
are conserved in phototrophs harboring homologous proteins such as Rhodomicrobium vannielii
and Rhodomicrobium udaipurense. The presence of PioAB in these organisms correlates with their
ability to perform photoferrotrophy and phototrophic EEU.
More importantly, findings from this study are consistent with the idea that the Gramnegative phototrophs, oxidize soluble iron extracellularly because the product of this process is
insoluble iron, which is lethal if accumulated in the periplasm. Together, our results suggest that
freshwater photoferrotrophic bacteria are also capable of EEU. However, the EEU capability and
the underlying electron transfer mechanisms of marine photoferrotrophs is unknown. To fill up
this knowledge gap, here we also characterized photoferrotrophy and phototrophic EEU in a newly
isolated marine phototrophic bacterium, Rhodovulum sulfidophilum AB26 (AB26). We show that
AB26 can perform both photoferrotrophy and phototrophic EEU. AB26 uses a range of potentials
that mimic the midpoint potential of substances that are abundant in marine settings such as mixedvalence iron, iron-sulfur, and elemental sulfur-containing minerals. Our study indicates that the
xiv

electrons taken up during phototrophic EEU enter the photosynthetic electron transport chain, and
phototrophic EEU results in the upregulation of carbon fixation and storage pathways. This is
consistent with the idea that electron uptake during phototrophic EEU is linked to carbon fixation
in AB26. Based on comparative genomics, transcriptomics, and proteomics analyses, we suggest
that AB26 uses an extracellular electron transfer mechanism that is different from TIE-1. In this
study, we also developed a genetic system de novo in AB26 for future genetic studies focusing on
identifying the EEU pathway and its molecular mechanism.
Overall, these studies suggest that photoferrotrophy and phototrophic EEU are widespread
processes. EEU could enhance microbial survival and support primary productivity in anoxygenic
environments deficient in soluble electron donors but abundant in redox-active minerals such as
those containing iron. Via their growth and activity, phototrophic EEU-capable microbes play an
important role in the global biogeochemical cycling of elements like iron and carbon on Earth. In
addition, photoferrotrophy is considered a potential metabolism responsible for the deposition of
the Archean banded iron formations (BIFs). Findings from this study will be helpful to our
understanding of metabolic evolution, microbial ecology, and Earth history. Microbes capable of
phototrophic EEU are good candidates for microbial electrosynthesis, a process in which microbes
use electricity to produce biocommodities from carbon dioxide. Findings from this research will
aid in improving such biotechnological applications and empower synthetic biology.
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Chapter 1
Extracellular Electron Uptake by Autotrophic
Microbes: Physiological, Ecological, and
Evolutionary Implications

This chapter was previously published as Dinesh Gupta, Michael Singh Guzman, Arpita
Bose (2020) Extracellular electron uptake by autotrophic microbes: physiological, ecological, and
evolutionary

implications. J
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Microbiol

Biotechnol

and

is

available

at

https://doi.org/10.1007/s10295-020-02309-0.

Author contributions: Dinesh Gupta, Michael Singh Guzman, and Arpita Bose performed
the necessary literature search and wrote the manuscript. Dinesh Gupta and Michael Singh
Guzman contributed equally to this work.
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1.1 Abstract
Microbes exchange electrons with their extracellular environment via direct or indirect
means. This exchange is bidirectional and supports essential microbial oxidation–reduction
processes, such as respiration and photosynthesis. The microbial capacity to use electrons from
insoluble electron donors, such as redox-active minerals, poised electrodes, or even other microbial
cells is called extracellular electron uptake (EEU). Autotrophs with this capability can thrive in
nutrient and soluble electron donor-deficient environments. As primary producers, autotrophic
microbes capable of EEU greatly impact microbial ecology and play important roles in matter and
energy flow in the biosphere. In this review, we discuss EEU-driven autotrophic metabolisms,
their mechanism and physiology, and highlight their ecological, evolutionary, and
biotechnological implications.

2

1.2 Introduction
The microbial envelope is an electrically non-conductive, physically impermeable barrier
to insoluble materials (e.g., minerals and electrodes) that partitions the interior metabolic activities
of cells from the outer environment [131, 2]. Microbial cells have evolved elaborate mechanisms
to extract electrons from insoluble electron donors using a process called extracellular electron
uptake (EEU). To accomplish this, microbes use both direct and indirect electron transfer
pathways, which typically involve electron transfer proteins such as multiheme c-type
cytochromes. These proteins enable microbes to oxidize solid electron donors and to drive
essential metabolic processes [131, 52]. This process permits microbial survival in environments
where soluble electron donors are limiting. Microbial electron exchange with redox-active
minerals, or other microbial cells also supports vital ecological processes. Collectively, these
processes shape microbial community interactions and influence the geochemistry of the Earth’s
surface. Microbes can also use poised electrodes mimicking redox active minerals to drive
microbial metabolisms with electricity. A summary of the known diversity of EEU-driven
autotrophy in nature is depicted in Figure 1.1.
EEU mechanisms move electrons from the extracellular space to intracellular electron
transport chains. This is generally achieved by direct physical contact (via an outer membrane
electron conduit) or indirectly via electron shuttles (redox-active small molecules that can diffuse
through the outer cellular envelope). The capability of microorganisms to carry out EEU is
typically assessed using bioelectrochemical systems, where an electrode poised at or near the
midpoint potential of natural minerals serves as the sole electron donor or acceptor for microbial
metabolism [115, 88, 13]. These bioelectrochemical systems are similar to those used to study
3

organisms capable of extracellular electron transfer such as iron-reducers [50, 121], methanogens
[27, 146], acetogens [107, 106], sulfate-reducers [34, 35, 1], sulfur-oxidizers [25], neutrophilic
iron-oxidizers [140, 68], acidophilic iron-oxidizers [68], and anoxygenic phototrophs [22, 13, 54].

Figure 1.1. Diversity of EEU capable autotrophs in natural environment. Extracellular
insoluble electron donors (redox-active minerals/cells/natural electrode) support microbial
autotrophy in different environmental niches such as anoxic and aphotic zone likes subsurface
sediments and deep-sea vent; anoxic and photic zone; oxic and photic or aphotic zone.

4

EEU is a physiologically diverse process that is present in multiple bacterial lineages.
However, the molecular and bioenergetic underpinnings of this process remain poorly understood.
This is especially true for autotrophic bacteria, which catalyze the conversion of carbon dioxide
(CO2) into biomass using electron transport chains powered by light (photoautotroph) and/or
chemical (chemoautotroph) energy [53, 68]. Thus, these organisms may play a fundamental role
in carbon cycling in terrestrial and aquatic ecosystems.
Improving our understanding of EEU mechanisms is critical from both an evolutionary and
a biotechnological standpoint [132, 75, 53]. The availability on an early Earth of insoluble
inorganic electron-donors from volcanic and hydrothermal sources could have supported
autotrophic EEU metabolisms on a global scale [20]. Consistent with this, recent studies link
autotrophic pathways of extant microbes to extracellular electron uptake [52]. In addition, there is
substantial interest in exploiting EEU for microbial electrochemical technologies, including
microbial electrosynthesis, bioelectronics, and bioremediation [115, 27, 116, 90]. Due to the
ecological relevance and prevalence of EEU capable autotrophs in nature, and their emerging
biotechnological interest, here we will focus on the utilization of EEU by autotrophs to derive CO2
assimilation into chemicals. We discuss the ecological and evolutionary implications of EEU, its
molecular underpinnings and physiology, as well as the biotechnological applications.

5

1.3 Ecological and evolutionary implications of
extracellular electron uptake
Autotrophs are important primary producers that drive fundamental ecological processes,
either using light energy (photoautotrophs) or using energy derived from chemosynthetic reactions
(chemoautotrophs). Emerging evidence suggests that, unlike eukaryotes, autotrophic microbes can
extract electrons from insoluble materials (e.g., minerals and electrodes or other cells) for energy
generation and CO2 fixation. Insoluble electron donors are abundant in nature and may enable
autotrophic microbes to thrive in niches with a scarcity of soluble electron donors. Indeed,
bioelectrochemical studies using carbon/graphite electrodes show that a wide range of
geochemically relevant redox potentials can support EEU driven metabolisms [68, 53, 82, 123].
Furthermore, electroactive microbes often utilize conserved mechanisms to take up electrons from
electrodes and from natural insoluble electron donors [52, 53, 68]. These findings provide new
insights into the diversity of insoluble electron donors that could support microbial primary
productivity.
Understanding microbe-mineral interactions at the community-level is an important
challenge in geomicrobiology. Bioelectrochemical systems have been applied to understand
microbial community interactions among autotrophs, namely ANME-SRB [100, 150, 126, 135]
and syntrophic anoxygenic phototrophs [54], as well as in-situ lithoautotrophic microbial
communities [123]. Furthermore, studies of electrochemical microbial communities have revealed
a diversity of metabolic interactions, such as direct interspecies electron transfer (DIET) and longrange extracellular electron transfer [88]. These electron-transfer reactions may greatly impact
microbial energy flow and biogeochemical carbon cycling on Earth. Understanding these
6

interactions at the molecular level is also of upmost importance for engineering applications such
as bioremediation and microbial electrosynthesis.
Two groups of microbial autotrophs hypothesized to have ancient origins include
anoxygenic photoferrotrophs and anaerobic chemolithotrophs. Photoferrotrophy represents a
modern analog of a microbial metabolism that may have prevailed on early Earth’s soluble ironrich and oxygen-limited conditions [20]. Photoferrotrophy is thought to be one of the most ancient
forms of photosynthesis [153] and evidence suggests it could be responsible for the deposition of
the Archean banded iron formations (BIFs) [152, 39, 112, 79, 73]. Recently, it has been shown
that EEU processes are the cornerstone for photoferrotrophy [52]. In addition, chemolithotrophs,
such as acetogens and methanogens, assimilate CO2 via the Wood-Ljungdahl pathway and can
survive under metabolically stringent conditions [9, 94]. The Wood-Ljungdahl pathway is
energetically economical, and it is considered amongst the most primitive carbon fixation
pathways [84]. Studies have shown that chemoautotrophs that encode the Wood-Ljungdahl
pathway have the capability to drive CO2 fixation using insoluble electron donors via extracellular
electron uptake [27, 107, 106, 38]. Together, this could point to an ancient origin for EEU-driven
carbon assimilation for both photoautotrophs and chemoautotrophs. It is thought that the reducing
conditions of early Earth may have favored the incorporation of soluble and freely available Fe(II)
into biomolecules [28], thereby making Fe(II) an essential component of biological systems.
Accordingly, the ubiquity of iron-containing electron transfer proteins, such as multiheme
cytochrome c and iron-sulfur proteins, in EEU processes [71, 10, 130, 129] further support the
idea that these EEU-driven autotrophic metabolisms may have evolved on early Earth and may
have been crucial in shaping these ecosystems.

7

Microbe-mineral interactions play an important role in biogeochemical processes on Earth.
Microbes that can utilize insoluble electron-donors for cellular metabolism via extracellular
electron uptake are important for nutrient cycling in soils, aquatic sediments, and subsurface
environments. Physiological studies of autotrophic microbes have recently shown that EEU driven
carbon assimilation may be an important ecological sink for inorganic carbon. Ecological, genetic,
and biogeochemical studies of microbes capable of EEU, however, have lagged in comparison to
studies of the microbes capable of extracellular electron transfer to insoluble electron acceptors.
Emerging electrochemical and systems biology approaches are enabling microbiologists to probe
the contribution of EEU driven microbial processes at both the single-cell and ecosystem-scale.
Our current understanding of EEU processes is limited to a few naturally occurring electron
donors. Recently, it has been shown that other materials such as carbon/graphite electrodes poised
at naturally relevant mid-point potentials could serve as electron donors for autotrophic microbes.
EEU is also important for the evolution of key ecological interactions between microbes. Besides
the ecological and evolutionary importance, EEU processes are also important for the
biotechnological applications. Currently, these applications are limited due to the recalcitrant
nature of these microbes, inadequate knowledge of EEU mechanisms, and lack of genetic
engineering tools [113]. Future studies focusing on determining the molecular underpinnings of
EEU, and developing engineering toolkits, will help advance this emerging biotechnological
endeavor and improve our understanding of the broader environmental implications of these
processes.
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1.4 Extracellular electron uptake driven autotrophic
metabolisms and their mechanisms
1.4.1 Iron-oxidizing chemoautotrophs
Much of what we know about EEU comes from studies of microorganisms that oxidize
iron minerals such as ferrous sulfide (FeS), siderite (FeCO3), pyrite (FeS2), magnetite (Fe3O4), and
green rust [73, 72, 18, 56]. Fe(II)-oxidizing chemoautotrophs use iron minerals as electron donors
for growth [10, 80]. For example, in acidic environments such as acid mine drainage ecosystems
oxygen is typically the only bioenergetically favorable terminal electron acceptor for microbial
iron-oxidation [65, 10]. The redox potential of the O2/H2O couple is +1200 mV vs SHE at pH 2,
which is more electropositive than at neutral pH (+820 mV vs SHE). This favors the use of Fe(II)
oxidation (Fe(II)/Fe(III), +770 mV) by chemolithoautotrophic acidophiles. Additionally, even
though the energy gain is low and Fe(II) is prone to spontaneous abiotic oxidation by oxygen at
circumneutral pH, neutrophilic iron-oxidizing bacteria have also evolved the capability to thrive
in iron-rich microaerophilic environments.
Together both acidophilic and neutrophilic chemolithoautotrophs have evolved to grow by
linking Fe(II) oxidation to oxygen (O2) reduction at the microoxic interface using specialized
electron transport chains [60]. This process generates sufficient cellular energy (ATP) and
reducing equivalents (NAD(H)) for carbon assimilation and biosynthesis [68, 53]. Bacteria capable
of chemoautotrophic Fe(II)-oxidation include acidophilic bacteria such as Acidithiobacillus
ferrooxidans and Leptospirillum ferrooxidans [45, 103]; neutrophilic marine bacteria Gallionella
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ferruginea, Mariprofundus ferrooxydans PV-1; and neutrophilic freshwater bacteria such as
Gallionella capsiferriformans ES-2 and Sideroxydans lithotrophicus ES-1 [55, 41, 42].
Genetic studies of Fe(II) oxidizing chemoautotrophs have revealed two divergent
cytochrome c based extracellular uptake pathways: a Cyc2-based pathway and a MtoAB/PioAB
mediated pathway (Figure 1.2). Gene clusters encoding these pathways have been identified in the
genomes and metagenome-assembled genomes (MAGs) from diverse bacterial genera [97, 98,
47]. Phylogenomic investigations of both the Cyc2 and MtoAB/PioAB pathways have revealed
their broad distribution among chemoautotrophic Fe(II)-oxidizing bacteria, including freshwater
Gallionellaceae spp. and marine Zetaproteobacteria [58].
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Figure 1.2. Models of extracellular electron uptake (EEU) driven microbial autotrophy.
Cyc2-based models of EEU for acidophilic (a) and neutrophilic chemoautotrophs (b); MtoABbased models of EEU for microaerophilic (c) and anaerobic chemoautotrophs (d); MHC-based
models of EEU for sulfate-reducing (e) and methanogenic (f) chemoautotrophs; PioAB-based
model of EEU (g) and FoxEYZ-based model of EEU (h) in anoxygenic photoautotrophs.
Autotrophs access extracellular insoluble electron donors (redox-active minerals/cells/electrode)
via outer membrane electron transfer protein or proteins complex; the electron is then shuttle to
inner membrane respiratory/photosynthetic electron transport system by periplasmic electronshuttle proteins; the electron is then finally used to reduce O2 (aerobic/microaerobic
chemoautotrophs) or NO3- (anaerobic chemoautotrophs) or NAD+ (anoxygenic photoautotrophs).
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These processes generate proton motive force which is used to produce ATP via ATP synthetase.
The proton motive force is also used to produce NADH by reverse electron flow and generated
NADH is used to fix CO2 via CBB cycle. Microbes are also known to use EEU to fix CO2 via
Wood-Ljungdahl pathway. Q, ubiquinone; MQ, Menaquinone; MP, Methanophenazine; bc1, bc1
complex; aa3/cbb3, aa3-type/cbb3-type cytochrome oxidase; Tplc3, periplasmic tetraheme type 1
cytochrome c3; Qrc/Tmc, inner membrane redox complexes; QmoABC (Qmo) and DsrMKJOP
(Dsr), membrane associated quinone-interacting oxidoreductase complexes; Rnf, Rnf complex
(energy-converting ferredoxin: NAD+ reductase-complex).

The Cyc2-based pathway (Cyc2/Rus/Cyc1) was first identified in A. ferrooxidans [4, 68].
In this bacterium, electrons from Fe(II) are transported along its electron transport chain to reduce
O2 [4]. The process was first proposed by Ingledew [65] and its molecular [155, 3], genomic [144,
114], and biochemical [156, 23] aspects are well-studied. The Fe(II) oxidation module in
acidophilic chemoautotrophs (Figure 1.2a) is composed of an outer membrane monoheme c-type
cytochrome-porin fusion protein (Cyc2) [24], the periplasmic blue copper protein rusticyanin
(Rus), an inner membrane-bound cytochrome c4 (Cyc1), and an aa3-type cytochrome oxidase
(CoxBACD) in the inner membrane where O2 is reduced (reviewed in [10]). Cyc2 has been
proposed to oxidize Fe(II) extracellularly and transfer electrons to the periplasmic rusticyanin,
where it feeds electrons to either a down-hill (exergonic) pathway to generate a proton gradient
from the reduction of O2, and also to an uphill (endergonic) pathway to generate NAD(H) [28]
through reverse electron flow (reviewed in [10]). Rusticyanin represents a “branch point” that
balances ATP and NAD(H) generation (Figure 1.2a), which are both required for carbon fixation
via the Calvin-Benson-Bassham (CBB) cycle [44, 68]. The role of the Cyc2/Rus/Cyc1 system in
electron uptake from electrodes has been investigated using site-specific chemical marking
experiments [68]. Inhibition of cytochrome c oxidases with carbon monoxide leads to a disruption
in electron uptake suggesting the down-hill pathway is active during EEU. Also, inhibition of
cytochrome bc1 with chemical probes leads to a decrease in current uptake. However, this decrease
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is observed to be subtle and transient therefore it is unclear how active the “up-hill”/reverse
electron flow pathway is under these conditions. Detailed genetic studies are required to resolve
the role of the Cyc2/Rus/Cyc1 system in this process. Lastly, comparative genetic and genomic
studies suggest that the physiology of EEU is conserved among chemoautotrophic iron-oxidizing
bacteria. Like acidophilic, neutrophilic iron-oxidizing chemoautotrophs such as S. lithotrophicus
ES-1 and M. ferrooxydans PV-1 use CBB cycle for CO2 fixation [40, 5].
Cyc2 homologs have also been characterized in the acidophilic Fe-oxidizing bacterium
Leptospirillum sp. (Cyc572) [70] and in the marine neutrophilic iron-oxidizing bacterium, M.
ferrooxydans PV-1 (Cyc2PV-1) [5]. Proteomic profiling of M. ferrooxydans PV-1 was used to
predict the iron-oxidation pathway in this neutrophilic chemoautotroph (Figure 1.2b), where Fe(II)
is oxidized by the outer membrane Cyc2PV-1. Electrons are then transferred to the periplasmic
cytochrome c4 (Cyc1PV-1), and finally, to O2 via the intracytoplasmic membrane cbb3-type
cytochrome oxidase [5]. Cyc2 homologs have also been identified in the genomes of several
neutrophilic Fe-oxidizing isolates in the Zetaproteobacteria and Gallionellaceae genera [75, 58,
97]. Furthermore, environmental studies have shown that Cyc2 homologs are prevalent in
hydrothermal vent microbial communities, suggesting that the Cyc2 iron oxidation pathway might
be relevant in iron-cycling in these ecosystems [98]. However, genetic and biochemical studies are
needed to confirm the gene-to-function relationship. For example, the biophysical details of how
electrons are transported across the outer membrane via the monoheme cytochrome c-porin Cyc2,
awaits elucidation.
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The porin-cytochrome system MtoAB has been implicated in extracellular iron oxidation
in the neutrophilic iron oxidizing chemoautotroph, S. lithotrophicus ES-1 [85]. This system (Figure
1.2c) comprises MtoA (a decaheme cytochrome c), MtoB (an outer membrane porin), MtoD (a
soluble periplasmic monoheme cytochrome c) and CymA (an inner membrane tetraheme c-type
cytochrome) [85, 40, 7]. The MtoA and MtoB proteins are homologs of PioA/MtrA and PioB/MtrB
proteins, respectively. This suggests that MtoAB transfers electrons across the outer membrane
from the extracellular insoluble iron minerals (Figure 1.2c) [130, 85, 7]. The electrons are then
likely shuttled by MtoD to CymA, a quinone oxidoreductase in the inner membrane, where
electrons can be transferred to the quinone/quinol pool [85, 7]. This porin-cytochrome system is
present in several other chemoautotrophic iron oxidizing bacteria with some variation of the
periplasmic cytochrome c electron shuttle (Figure 1.2d) [58, 59]. Under anaerobic condition, these
chemoautotrophs can divert the electrons to nitrate using a membrane-bound, cytoplasmic nitrate
reductase to reduce nitrate to ammonium (Figure 1.2d) [59]. Unlike Cyc2, MtoAB-containing
chemoautotrophs have not been tested for their ability to perform EEU from electrodes.

1.4.2 Sulfate-reducing chemoautotrophs
Sulfate-reducing bacteria (SRB) couple the anaerobic oxidation of sulfate to the oxidation
of organic compounds. Chemoautotrophic growth by SRB can also be accomplished using H2 as
an electron donor for carbon fixation via the reductive tricarboxylic acid (TCA) cycle or the
reductive acetyl-CoA pathway (Wood-Ljungdahl pathway) [125, 69]. The earliest discovery of
EEU by SRB came from studies of microbially-induced iron corrosion [37]. These studies use
elemental iron granules as the sole electron donor to enrich SRB. Bioelectrochemical
investigations demonstrated the ability of several SRB to take up electron from electrodes with
CO2 as the sole source of carbon. These EEU SRB include Desulfosporosinus orientis and
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Desulfovibrio piger (Eapplied: -310 mV vs. SHE) [33], Desulfopila corrodens strain IS4 (Eapplied: 400 mV vs. SHE) [8], Desulfobacterium autotrophicum HRM2 (Eapplied: -500 mV vs. SHE) [159].
In the lithotrophic marine SRB Desulfovibrio ferrophilus IS5, an outer membrane cytochrome
could provide an electron conduit for EEU from electrodes (Eapplied: -400 mV vs. SHE) for sulfate
reduction [34]. Several outer membrane multiheme cytochromes in D. ferrophilus IS5 are
overexpressed under nutrient-limitation. Furthermore, transmission electron microscopy of starved
D. ferrophilus IS5 cells revealed heme-containing extracellular appendages reminiscent of the
protein nanowires of iron reducers [120]), suggesting it may utilize direct uptake mechanisms [34].
SRB have been identified that form syntrophic consortia with anaerobic methanotrophic
(ANME) archaea. These microbial consortia catalyze sulfate-reduction, coupled to anaerobic
methane oxidation, and are thought to be an important methane sink in marine sediments [119,
78]. In this association, ANME oxidize methane (CH4) to CO2 via reverse methanogenesis, and
transfer the electrons to SRB via direct interspecies electron transfer (DIET) for sulfate reduction
[100, 150, 126, 135]. The molecular mechanism of the cooperative electron exchange in the
ANME-SRB consortia has been hypothesized to follow DIET, [100, 150] a process previously
reported for methanogenic consortia [139, 122]. Electron exchange may involve outer membrane
multiheme cytochrome c proteins of encoded by the syntrophic partners [100, 150, 126]. Both
ANME and SRB have outer membrane multiheme cytochrome c proteins that could participate in
the electron transfer [100, 135]. This hypothesis is further supported by metatranscriptomic [102,
148] and in-situ metaproteomic [135] studies from marine methane seep sediments. Comparative
genomic evidence suggests that the outer membrane multiheme cytochrome c of these syntrophic
microbes are similar in organization to cytochromes mediating extracellular electron transfer in
metal-reducing bacteria such as Geobacter and Shewanella [135, 100, 77].
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The mechanistic underpinnings of EEU are poorly understood in SRB. Both direct and
indirect mechanisms have been proposed. Indirect mechanisms, such as abiotic H2 evolution, could
be prevalent because a majority of SRB possess periplasmic hydrogenases [1]. Certain SRB,
however, have been shown to generate cathodic current under electrochemical conditions more
positive than the thermodynamic potential for cathodic H2 production, suggesting direct electron
uptake mechanisms could exist [33, 8, 34]. Additionally, the SEEP-SRB1 clade of ANME partners
lack periplasmic hydrogenases [135] and are incapable of growth with H2 as an electron donor
[105, 151]. One model (Figure 1.2e) (either for free-living or syntrophic SRB) proposes the
involvement of an outer membrane multiheme cytochrome c for direct EEU from insoluble
electron donors (elemental iron or electrode, or ANME-partner in consortia) [135, 34, 1]. The
electrons are then thought to be shuttled by a conserved periplasmic tetraheme type 1 cytochrome
c3 (Tplc3) to the inner membrane complexes Qrc or Tmc. The Qrc complex reduces the
menaquinone pool, which then transfers the electrons to the inner membrane quinone-interacting
oxidoreductase complexes, QmoABC (Qmo) and DsrMKJOP (Dsr). These complexes are
hypothesized to transfer electrons to cytoplasmic sulfate reduction pathway, which contributes to
the transmembrane proton gradient. The Tmc complex can also transfer electrons from Tplc3 to
menaquinone pool or to a cytoplasmic sulfate reduction pathway (for details of this proposed
model refer to refs. [1, 135]).

1.4.3 Acetogens
Acetogens are strictly anaerobic bacteria that grow by the conversion of C1 compounds
(e.g. formate, CO, or CO2) to acetate via the acetyl-CoA pathway (Wood-Ljungdahl pathway)
[38]. Acetogens can also use molecular hydrogen (H2), electrodes [107, 106] or metallic iron (Fe0)
[111, 76] as electron donors to reduce CO2. A variety of acetogens have been isolated using
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electrodes and metallic iron as electron donors [111, 76, 92]. Several acetogenic microbes,
including Sporomusa and Clostridium species, produce organic compounds from CO2 using
electrodes [106]. Their high carbon conversion efficiency shows promise for microbial
electrosynthesis applications [116, 90]. This very same efficiency also makes Fe0-oxidizing
acetogens major drivers of iron biocorrosion [43].
Studies suggest that acetogens use both direct and indirect mechanisms for extracellular
electron transfer. Outer membrane cytochromes have been proposed to provide a direct pathway
for electron transport in Sporomusa spp. [107, 106, 122, 75, 76]. Acetogens can also reportedly
take up electrons from cathodes [106] or Fe0 [111, 76] under conditions unfavorable for
electrochemical H2 production. However, the underlying molecular mechanisms are not known.
Acetogens may also use indirect extracellular electron transfer mechanisms via soluble electron
shuttles and H2 generation [64]. Many microbes are known to secrete redox-active small
molecules, such as flavins and phenazines, to shuttle electrons to extracellular electron acceptors
[93, 149, 14, 81, 48]. Supplementation of bioelectrochemical systems with artificial mediators
stimulates EEU rates by certain acetogens [136]. However, the natural production of soluble
electron shuttles by acetogens is not known [111] and thus, its environmental relevance is unclear.
Indirect electron uptake by acetogens through H2 production at the solid interface has been
experimentally corroborated. An anoxic corrosion reaction at the surface of Fe0 generates H2, for
acetogenesis [110]. Recent studies also show that cell-free spent media from electroactive
acetogens can increase H2 production at electrodes compared to abiotic conditions. For example,
cell-free spent media of Sporomusa sphaeroides [36] and Sporomusa ovata [141] can enhance H2
generation at cathodes poised at -500 mV and -300 mV vs. SHE, respectively. These studies
suggest that microbial cells secrete enzymes, such as hydrogenases, that can absorb onto the solid
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surface to generate H2. Although methanogens are known to excrete hydrogenases for Fe0-driven
H2 generation [143], such enzymes have not been detected in the spent medium of acetogens [110].

1.4.4 Methanogens
Methanogenesis is a widespread biogeochemical process on Earth that primarily occurs in
anoxic, organic-rich terrestrial and marine subsurface environments [96,6]. Methane is typically
produced in heterotrophic microbial communities of methanogens and syntrophic bacteria that
collectively convert organic acid into methane as an end-product of cellular respiration.
Hydrogenotrophic methanogens produce methane by utilizing the end-products of syntrophic
bacteria (i.e. H2) as electron donors to reduce CO2. The interspecies transfer of electron
equivalents, such as H2 and formate, is generally achieved by a close physical association between
syntrophic consortia and methanogens [32, 66, 67].
DIET is also thought to be an important driver of energy and electron transfer in
methanogenic microbial communities [89, 99]. This mechanism has been studied in
bioelectrochemical systems where electrons produced by electrogenic microbes during the
oxidation of organic acids at the anode drive methane production from CO2 at the cathode [87,
116]. Methanogenic electron uptake from cathodes has been proposed to occur via direct
extracellular electron transfer process [27]. Methanogens such as Methanosarcina barkeri can
utilize electrons directly from syntrophic bacteria such as Geobacter metallireducens via DIET, or
electrodes [158].
Whether from syntrophic bacteria or from electrodes, methanogens use a multiheme
cytochrome c (MHC) for bidirectional electron exchange [139, 133, 122, 62]. The electron transfer
pathways that use MHC for methane oxidation or CO2 reduction have been described in several
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methanogens [62, 61]. The model is similar to the one proposed for methanotrophic ANME partner
in ANME-SRB consortia [100]. In this model (Figure 1.2f), reducing equivalents generated during
the oxidation of methane reduce the membrane-bound methanophenazine pool via reactions at Fpo
and Rnf complexes that generate a proton and sodium ion gradient, respectively. The reduced
methanophenazine pool is then oxidized by an integral membrane protein (cytochrome b/
cytochrome c). Electrons can then be transferred to larger MHCs for extracellular electron transfer
across the S-layer [100]. The electron transfer in the reverse direction could lead to CO2 reduction
to methane [61].
It is also plausible that methanogens use a cytochrome c-independent mechanism that is
based on the production of extracellular hydrogenase enzymes [36, 124]. A recent study of
multiheme cytochrome c in DIET by methanogens demonstrated that (i) multiheme cytochromes
c are not required for EEU in M. mazei, and (ii) these proteins are not widely conserved [157]. In
the DIET-dependent methanogen, M. mazei, deletion of the predicted MHC encoding gene
(MM_0633), has no effect on EEU either from its syntrophic partner, G. metallireducens, or from
electrodes [157].
Chemoautotrophic microbes such as acetogens, methanogens, and SRB are known to use
a reductive acetyl-CoA pathway or Wood-Ljungdahl pathway to derive their cellular energy and
carbon [16, 38, 117]. Because this pathway is thermodynamically limiting, early studies focused
on understanding how these organisms derive sufficient energy for growth under such stringent
metabolic conditions. The mechanism was ultimately uncovered with the discovery of energy
conserving membrane-complex enzymes and the understanding of flavin-based electron
bifurcation mechanisms in these microbes (reviewed in [128, 17, 109]). Using electron bifurcation,
these microbes split a two-electron-transfer from an electron donor (such as H2) into two (low and
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high) potentially different electrons. This allows these microbes to carry out both endergonic and
exergonic reactions using the low- and high-potential electrons, respectively, as one-electron
transfers without investing cellular energy. The low-potential electron is generally used to reduce
ferredoxin. This reduced ferredoxin can be utilized by the energy conserving respiratory enzymes
Rnf (energy-converting ferredoxin: NAD+ reductase-complex) and Ech (energy-converting
ferredoxin-dependent hydrogenase-complex) to reduce NAD+ and protons, respectively. These
processes also generate a transmembrane ion gradient which is utilized for ATP generation
(reviewed in [84]). Whether EEU processes are linked to energy conservation via these
mechanisms requires further investigation.

1.4.5 Iron-oxidizing phototrophs
Unlike oxygenic phototrophs (e.g. cyanobacteria, algae, and plants), which solely depend
upon water splitting for photosynthesis, anoxygenic phototrophs use both soluble and insoluble
electron donors. This includes Fe(II) and insoluble mixed-valence iron minerals, using a process
called photoferrotrophy [152]. Photoferrotrophy was first reported in purple bacteria [152]. This
process has since been described in purple sulfur, purple non-sulfur, and green sulfur bacteria
(reviewed in [19]). Several anoxygenic phototrophs studied in bioelectrochemical systems include
the purple non-sulfur bacteria Rhodopseudomonas palustris TIE-1, Rhodomicrobium vannielii and
Rhodomicrobium udaipurense [13, 52] and the green sulfur bacterium Prosthecochloris aestuarii
[54, 63].
Anoxygenic phototrophs have evolved divergent mechanisms to facilitate microbeelectrode and microbe-mineral interactions. One of the best studied systems is PioAB, which is
encoded in the genomes of several phototrophs (R. palustris TIE-1, R. vannielii and R.
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udaipurense). A putative outer membrane cytochrome homologous to Cyc2 has also been
identified in the draft genomes of iron-oxidizing phototrophs, Chlorobium phaeoferrooxidans and
Chlorobium sp. Strain N1 [30, 15]. However, only the PioAB system of R. palustris TIE-1 is
known to facilitate EEU from solid substrates (e.g., minerals or electrodes) and to link the process
to photosynthesis [52, 53, 13]. Therefore, much of the discussion in this section will focus on the
molecular details of EEU by R. palustris TIE-1, followed by a comparison to the iron-oxidation
systems of Rhodobacter sp. strain SW2 and related phototrophic bacteria.
R. palustris TIE-1 oxidizes soluble Fe(II), insoluble mixed-valence iron minerals, and
electrodes using light energy [71, 13, 18, 53]. These processes are catalyzed by proteins encoded
in a three-gene operon (PioABC). PioA is a periplasmic decaheme cytochrome c protein, PioB, an
outer membrane beta-barrel porin, and PioC, a periplasmic high potential iron-sulfur protein
(HiPIP) [71, 13]. The molecular mechanisms of phototrophic Fe(II) and electrode EEU have been
studied at the molecular and biochemical level (Figure 1.2g) [52]. PioA forms a complex with
PioB (PioAB) in the outer membrane after periplasmic secretion and processing [52]. The PioAB
complex serves as an extracellular electron conduit that transfers electrons from Fe(II) or poised
electrodes across the outer membrane [52]. PioA in the complex spans across the outer membrane
through PioB and transfers electrons to periplasmic PioC, which then likely transfers electrons to
the photosynthetic reaction center in the inner membrane (Figure 1.2g) [10,52,11,129]. The PioAB
system is conserved in R. vannielii and R. udaipurense, phototrophs that can also perform EEU
from Fe(II)/electrodes [52].
PioA and PioB are homologs of the MtrA and MtrB proteins, respectively of the MtrCAB
system of the iron-reducing bacterium Shewanella oneidensis MR-1. Although both the PioAB
and MtrCAB systems bridge electrons between microbes and the extracellular environment, there
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are fundamental biophysical and biochemical differences in the electron transfer process. Firstly,
extracellular electron transfer, preferably or naturally, occurs in opposite directions. Secondly, the
PioAB system has a single decaheme cytochrome c (PioA), unlike two decaheme cytochrome c
proteins (MtrA and MtrC) encoded in S. oneidensis MR-1. Additionally, PioA homologs in
phototrophic bacteria contain a larger N-terminal region compared to MtrA homologs. This Nterminal extension controls heme maturation and its proteolytic cleavage is required to produce
decaheme-attached PioA. The post-secretory proteolysis of the extended N-terminal of PioA
homologs in these phototrophic bacteria is hypothesized to control the synthesis of
bioenergetically expensive decaheme cytochrome c [52].
Some phototrophic iron-oxidizing bacteria lack homologs of the PioAB/MtrAB or Cyc2
system. Rhodobacter sp. strain SW2 contains a three-gene operon foxEYZ encoding FoxE, a
periplasmic diheme cytochrome c; FoxY, a predicted quinoprotein; and FoxZ, a predicted inner
membrane transport protein (Figure 1.2h) [29]. Structural studies of FoxE suggest a controlled rate
of electron transfer that could allow the periplasmic oxidation of Fe(II) without the formation of
lethal Fe(III) precipitates [108]. However, many questions regarding the molecular and
physiological nature of this model remain unknown. Currently, it is unclear whether iron-oxidation
by Rhodobacter sp. strain SW2 involve an EEU mechanism or whether it can oxidize mixedvalence iron minerals or electrodes. Further investigation of the iron oxidation pathway could help
determine the precise electron transfer mechanism, and help resolve the location of Fe(II)
oxidation.
Some isolates of iron-oxidizing phototrophs lack homologs of known iron oxidation
pathways and/or do not have genetic systems. Thus, molecular understanding of iron oxidation in
these microbes is lacking. These microbes include Rhodovulum iodosum and Rhodovulum
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robiginosum, green sulfur bacteria from the genus Chlorobium, and purple sulfur bacteria such as
strain L7 in the genus Chromatium [39]. Comparative genome analyses of several phototrophic
iron-oxidizers have provided some insights into their iron oxidation pathways. The draft genome
of R. robiginosum DSM12329 does not have clear homologs of proteins known to participate in
extracellular electron transfer or iron oxidation pathways but contains several uncharacterized
multiheme cytochromes that could play analogous roles [51]. Biochemical, structural, and
functional genomic studies could help elucidate whether these genes contribute to electron uptake
processes.
Unlike chemoautotrophs, anoxygenic phototrophs utilize cyclic photosynthesis to generate
cellular energy and reducing equivalents. The photosystem (photosystem II, P870) of anoxygenic
phototrophs is excited by light energy and electrons flow cyclically from the reaction center to the
ubiquinone pool to re-oxidize cytochrome bc1. This process generates a proton motive force to
drive ATP synthesis via cyclic photophosphorylation. Electrons are typically shuttled to the
photosystem by periplasmic cytochrome c-type proteins. Within the Rhodospirillaceae,
cytochrome c2 and/or high-potential iron-sulfur proteins (HiPIPs) mediate photosynthetic electron
transfer between cytochrome bc1 and the reaction-center bacteriochlorophyll [145]. External
electron donors are required to generate reducing equivalents, namely NAD(H), for biosynthesis.
This process is driven by reverse electron transfer mechanisms that push electrons uphill against
their electrochemical gradient. This is likely mediated by cytochrome bc1 and NADH
dehydrogenase which transfer electrons from the ubiquinone pool to reduce NAD+ to NAD(H).
Similar to iron- and sulfur-oxidizing chemoautotrophs, photoautotrophs use CBB cycle for CO2
assimilation.
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Recent studies have suggested that the EEU pathways of anoxygenic phototrophs are
linked to energy transduction and carbon fixation via photosynthetic electron transfer [53, 52].
Physiological studies of the electron uptake pathway of R. palustris TIE-1 have revealed that EEU
from electrodes is catalyzed by a cytochrome bc1-mediated process and is dependent upon a
functional proton motive force. This could suggest that reverse electron flow is active in R.
palustris TIE-1 to transfer electrons from poised electrodes, where the redox potential is
sufficiently lower than the NAD+/NAD(H) redox couple. Reverse electron flow has been
suggested for phototrophic Fe(II)-oxidizing bacteria and this process is well-studied in
chemoautotrophic Fe(II)-oxidizing bacteria. Interestingly, treatment of R. palustris TIE-1 biofilms
with NADH dehydrogenase-specific inhibitors was shown to cause a substantial defect in electron
uptake from electrodes further implicating reverse electron flow processes in reductant generation
in this organism [53] (Figure 1.2g).
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1.4.6 Syntrophic anoxygenic phototrophs
The green sulfur bacterium Prosthecochloris aestuarii is also known to utilize EEU to carry
out anoxygenic photosynthesis [54]. This bacterium can take up electrons from either solid
electrodes or from a syntrophic partner [54]. In the latter case, electrons from acetate oxidation by
Geobacter sulfurreducens are transferred to Prosthecochloris aestuarii via DIET [54]. This
mechanism of electron transfer is supported by two-chamber bioelectrochemical studies. In
syntrophic association, electrons generated from acetate oxidation by G. sulfurreducens in the dark
anode chamber drive light and CO2-dependent electron uptake by P. aestuarii in the illuminated
cathodic chamber [63]. The outer membrane porin-cytochrome c system of G. sulfurreducens was
shown to be essential for DIET [54]. A recent study based on electrochemical in situ Fourier
transform infrared (FTIR) spectroscopy suggested that outer membrane-associated redox-active
proteins such as cytochrome c may be utilized by P. aestuarii [63], however, the precise
mechanism of electron uptake awaits elucidation.

1.4.7 Sulfur-oxidizing chemoautotrophs
Microbial sulfur oxidation is an important biogeochemical process in modern marine
ecosystems and may have been critical in ancient euxinic environments [101, 91, 86]. Evidence
for sulfur-dependent chemolithoautotrophic metabolic activity dates back nearly 3.4 billion years
[147]. Sulfur oxidizing bacteria have the metabolic capability to oxidize inorganic forms of sulfur,
typically sulfide (H2S/HS-), coupled to the reduction of oxygen (O2) or nitrate (NO3-) [46]. The
majority of sulfur oxidizers are autotrophs and use reduced sulfur species as electron donors for
carbon fixation [46]. Thus, sulfur oxidizers represent an important link in the biogeochemical
carbon cycle in oxygen-poor, sulfide-rich environments such as oxygen minimum zones, marine
sediments, and hydrothermal systems [31, 134, 21, 154, 95, 57, 1].
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Slowly coming to light is the role of solid substrates for energy flow in sulfur-oxidizing
marine sediment microbial communities [123, 83, 82]. Sulfur-oxidizing chemoautotrophs utilize a
range of solid substrates in the natural environment, including elemental sulfur (S0), metallic iron
(Fe0), and reduced iron minerals [82, 123]. Several recent studies have utilized bioelectrochemical
approaches to investigate the diversity of mineral-oxidizing microbes in marine sediments [138,
49, 123, 83, 82]. These studies revealed a diversity of bacteria capable of EEU from electrodes
over a range of redox potentials [82, 83]. Sulfur-oxidizing chemoautotrophs are known to encode
the CBB cycle [12], however, a detailed physiological analysis of EEU in these chemoautotrophs
is still lacking. Electrochemical approaches have also been used to isolate sulfur-oxidizing
bacteria, including Thioclava electrotropha ElOx9, which can utilize electrodes for nitrate
reduction and S0 for carbon fixation [25]. Many members of the Thioclava genus are known to
assimilate inorganic carbon via CBB cycle [137], however, it is unclear whether Thioclava
electrotropha ElOx9 can utilize electrodes for carbon fixation [74].
Characterization of the EEU pathways in sulfur-oxidizers has been limited to
electrochemical studies, because detailed genetic and biochemical work is limited by a lack of
organisms in pure culture. Cyclic voltammetry of sulfur and iron-oxidizing bacteria isolated from
sediments has revealed a wide range of midpoint potentials that could represent redox-active
proteins involved in extracellular electron transfer [82, 123]. Interestingly, electrochemical studies
of marine sediment microbes show that iron-oxidizing bacteria have lower (more reduced)
midpoint potentials than sulfur-oxidizers [82]. This could indicate divergent molecular pathways
for EEU that enable niche differentiation. Detailed comparative genomic, biochemical, and genetic
studies are needed to elucidate the molecular pathways that sulfur-oxidizers utilize to access
electrons from solid substrates.
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1.5 Biotechnological implications of extracellular electron
uptake
The ability of EEU autotrophs to capture and sequester carbon using electricity opens
opportunities to develop bioelectrochemical technologies that address the global rise of greenhouse
gas emissions [127, 94]. Of particular interest is the ability of these microbes to drive
electrosynthesis, where value-added chemical commodities are produced from CO2 and electricity
[107,132,76]. Microbial electrosynthesis has been exploited in both chemoautotrophic and
photoautotrophic microbes to produce multi-carbon chemical commodities [113, 142, 118]. The
major bottleneck for widespread use of EEU capable autotrophs for biotechnology is the lack of
genetic engineering tools to manipulate these organisms [113].
Current microbial electrosynthesis technologies are primarily focused on the use of
acetogens (reviewed in [113]). Microbial electrosynthesis using photoautotrophs is an emerging
field. Recent studies of photoautotrophs have advanced our understanding of the molecular
mechanisms and the physiology of how electrons from cathodes are utilized for energy
transduction and biomass production [52, 53, 11]. Lastly, the rate of electron uptake by microbes
directly depends on the total amount and the electron-transfer efficiency of the protein electronconduits they encode [52, 104]. Although the native EEU capacity of most characterized microbes
is limited, it could be improved by genetic engineering. For example, further development of
engineered chassis microorganisms with overexpression of either native or heterologous electronconduit systems could lead to higher electron transfer efficiencies. This could bypass electrontransfer rate limitations. Additionally, the development of metabolic engineering strategies to
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uncouple the use of electrons to biomass production in the native host could improve the ability to
direct fixed carbon towards more specific production of value-added chemical commodities.
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2.1 Abstract
Photoferrotrophy is a form of anoxygenic photosynthesis whereby bacteria utilize soluble
or insoluble forms of ferrous iron as an electron donor to fix carbon dioxide using light energy.
They can also use poised electrodes as their electron donor via phototrophic extracellular electron
uptake (phototrophic EEU). The electron uptake mechanisms underlying these processes are not
well understood. Using Rhodopseudomonas palustris TIE-1 as a model, we show that a single
periplasmic decaheme cytochrome c, PioA, and an outer membrane porin, PioB, form a complex
allowing extracellular electron uptake across the outer membrane from both soluble iron and
poised electrodes. We observe that PioA undergoes postsecretory proteolysis of its N terminus to
produce a shorter heme-attached PioA (holo-PioAC, where PioAC represents the C terminus of
PioA), which can exist both freely in the periplasm and in a complex with PioB. The extended Nterminal peptide controls heme attachment, and its processing is required to produce wild-type
levels of holo-PioAC and holo-PioACB complex. It is also conserved in PioA homologs from other
phototrophs. The presence of PioAB in these organisms correlate with their ability to perform
photoferrotrophy and phototrophic EEU.
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2.2 Importance
Some anoxygenic phototrophs use soluble iron, insoluble iron minerals (such as rust), or
their proxies (poised electrodes) as electron donors for photosynthesis. However, the underlying
electron uptake mechanisms are not well established. Here, we show that these phototrophs use a
protein complex made of an outer membrane porin and a periplasmic decaheme cytochrome
(electron transfer protein) to harvest electrons from both soluble iron and poised electrodes. This
complex has two unique characteristics: (i) it lacks an extracellular cytochrome c, and (ii) the
periplasmic decaheme cytochrome c undergoes proteolytic cleavage to produce a functional
electron transfer protein. These characteristics are conserved in phototrophs harboring
homologous proteins.

2.3 Introduction
Several anoxygenic (nonoxygen evolving) phototrophs can grow by coupling oxidation of
ferrous iron to carbon dioxide (CO2) fixation using the energy of light, a process called
photoferrotrophy [1]. Photoferrotrophy plays an important role in biogeochemical cycling of iron
and impacts microbial ecology in marine and freshwater ecosystems [2-4]. A phylogenetically
diverse group of bacteria carry out this process in natural environments [5]. Photoferrotrophs use
both soluble ferrous iron [Fe(II)] and insoluble mixed-valence iron minerals as electron donors [6,
7]. Photoferrotrophy is considered to be one of the most ancient types of photosynthesis and may
represent a transition state between anoxygenic and modern oxygenic photosynthesis [8]. In
addition, photoferrotrophy is suggested as a primary metabolism responsible for early marine
productivity [9] and a potential process responsible for the deposition of the archean banded iron
formations (BIFs) [1, 10-13]. Photoferrotrophs can also use electrons from a poised electrode to
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fix CO2 with light, a process called phototrophic extracellular electron uptake (EEU) [14, 15].
Microbes capable of phototrophic EEU are good candidates for microbial electrosynthesis, a
process in which microbes use electricity to produce biocommodities from CO2 [16-18]. Despite
continued interest in microbes capable of photoferrotrophy and phototrophic EEU, the
mechanisms underlying these processes are poorly understood.
The bacterial outer envelope is nonconductive to electrons and is impermeable to insoluble
iron minerals/electrodes [19, 20]. Therefore, the ability of phototrophs to use the extracellular
electron donors likely involves an extracellular electron uptake (EEU) process. Studies in the
nonphototroph model bacterium Shewanella oneidensis suggest that the mechanism of electron
transfer across the outer membrane (OM) employs a porin-cytochrome complex [21]. The
Shewanella complex is comprised of a porin (MtrB) and two decaheme cytochrome c proteins
(MtrA and MtrC from periplasmic and extracellular sides, respectively) as an electron conduit.
Deletion of the extracellular decaheme cytochrome c component of the conduit (MtrC and its
paralogues, OmcA and MtrF) abrogates Shewanella’s ability to reduce Fe(III) or transfer electrons
to electrodes [22-24]. Recently, it has been shown that the Shewanella MtrCAB conduit may also
be employed for electron uptake (electron transfer in the opposite direction from its native
function) from a cathode to an intracellular reduction reaction [18, 25]. In contrast to oxidation of
insoluble iron/electrode, soluble iron oxidation could occur either extracellularly or in the
periplasm of Gram-negative phototrophs [26-28]. Evidence to date suggests that the oxidation of
soluble iron in Rhodopseudomonas palustris TIE-1 (6) and Rhodobacter sp. strain SW2 [29]
involves periplasmic iron oxidoreductases (PioA and FoxE, respectively). However, the oxidation
of soluble iron could be extracellular because the product of this process is insoluble iron, which
can be toxic if produced in the periplasm [10, 13, 30, 31]. Genetic studies in R. palustris TIE-1,
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the only genetically tractable phototroph [32] that can perform both photoferrotrophy and
phototrophic EEU [6, 7, 15], identified the pioABC operon as required for both of these processes
[6, 15]. The operon encodes PioA, a decaheme cytochrome c (cyt c), PioB, an outer membrane
(OM) porin, and PioC, a high-potential iron-sulfur protein (HiPIP). A deletion mutant lacking
pioABC cannot perform photoferrotrophy [6] and has a partial defect in phototrophic EEU [15].
Beyond these genetic studies, only the iron-sulfur protein PioC has been biochemically
characterized as a periplasmic electron transfer protein and proposed to shuttle electrons from PioA
to the photosynthetic reaction center [33, 34]. However, where Pio proteins oxidize Fe(II) during
photoferrotrophy and how they transfer electrons across the outer membrane from poised
electrodes during phototrophic EEU are unknown.
Here, we show that PioA undergoes novel postsecretory proteolysis of its N terminus to
produce a decaheme-attached PioA (holo-PioAC, where PioAC represents the C terminus of PioA).
The holo-PioAC is an iron oxidoreductase that forms a membrane-associated protein complex with
PioB. The holo-PioACB complex acts as an electron conduit in TIE-1 to accept electrons from the
extracellular oxidation of both Fe(II) and from the poised electrodes (that mimic insoluble iron
minerals). Importantly, this process employs a single decaheme cyt c (holo-PioAC) and a porin
(PioB), with no apparent extracellular electron transfer protein. Therefore, the PioAB complex is
distinct from other porin-cytochrome c systems found in nonphototrophic bacteria. The
postsecretory proteolysis of the N-terminal extension of PioA-like homologs to produce a
functional holo-PioAC and the formation of holo-PioACB electron conduit are conserved in
phototrophs such as Rhodomicrobium vannielii and Rhodomicrobium udaipurense. Together,
these results suggest that the PioAB system can serve as a molecular signature for photoferrotrophy
and phototrophic EEU.
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2.4 Results and Discussion
2.4.1 Production and purification of recombinant PioA from Escherichia coli
The pioA gene (Rpal_0817) encodes a 540-amino-acid (aa) decaheme cyt c with a
canonical signal peptide (SP; aa 1 to 40), a 200-residue N terminus, and the C terminus
(Figure 2.1A). The C terminus contains a hydrophobic region (HR; aa 241 to 263) followed by 10
sites for c-type heme (CXXCH) attachment (Figure 2.1A). PioA has a large (∼200 aa) N terminal
region not present in previously characterized decaheme cyt c homologs such as MtrA and MtoA
(Supplementary Figure 2.1). This N-terminal extension is conserved in PioA homologs annotated
in the genomes of different phototrophic bacteria and does not harbor any clear protein domains
(Supplementary Figure 2.2). Previous translational fusion studies suggest that a full-length PioA
with its N terminus is produced in TIE-1 [35]. Here, we wanted to investigate the role of the N
terminal extension in these decaheme homologs by studying PioA. Although PioA expression in
TIE-1 is upregulated only under photoferrotrophy, its slow growth (doubling time of 80 ± 10 h)
and low biomass yields under this condition make it difficult to purify sufficient protein for
biochemical analysis.
We heterologously expressed PioA with a C-terminal His tag in the E. coli (Δccm) RK103
strain carrying the ccmABCDEFGH genes under an inducible promoter to ensure heme attachment
[36]. For correct localization of the protein in E. coli’s periplasm, we replaced the PioA signal
peptide with a validated signal peptide of the cytochrome c4 gene [36]. We confirmed production
of the predicted full-length apo-PioA (∼54 kDa) in total E. coli lysate by immunoblotting with
antibodies specific to the N-terminal 200-aa region (anti-PioAN) and the C terminus (anti-PioAC)
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of PioA (Figure 2.1B). However, an ∼34-kDa heme-containing polypeptide was observed upon
enrichment using hexahistidine affinity purification (Figure 2.1C). Heme stains were used to detect
covalently bound (c-type) heme in the protein [37]. The polypeptide was immunodetected with
anti-PioAC but not with anti-PioAN antibodies (Supplementary Figure 2.3A). These results suggest
that the 34-kDa protein is PioA after removal of the N-terminal 200-aa region. Here, the
recombinant holo-PioA is termed holo-PioACr.
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Figure 2.1. A 34-kDa holo-PioAC is produced both in TIE-1 and E. coli. (A) Schematic diagram
of the annotated PioA sequence representing N and C termini of PioA. SP, predicted Sec signal
peptide; HR, hydrophobic region; red strip, a heme binding site. (B and C) PioA expression and
analysis in E. coli. Results of Coomassie and heme staining and Western blotting (WB) with PioAspecific antibodies (anti-PioAN and anti-PioAC) of total cell lysate of uninduced (U) and induced
(I) cells are shown in panel B. Arrow, ∼54-kDa PioA. Results of Coomassie and heme staining of
His-enriched PioA are shown in panel C. Arrow, heme-stainable PioA (∼34 kDa, PioAC). Lanes
1 and 2 represent two replicates. (D to H) PioA analysis in TIE-1. Heme staining (D) and
immunoblotting with anti-PioAC antibodies (E) of the soluble (Sol) and membrane (Memb)
fractions from wild type (WT) and ΔpioABC mutant are shown. Mass spectrometry analysis of the
>170-kDa (membrane fraction) PioA bands identified it as PioAB complex (Supplementary
Figure 2.4A). Heme staining and immunoblotting with anti-PioAN antibodies for the membrane
fractions of WT and ΔpioABC mutant are shown in panel F. Treatment with β-mercaptoethanol
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(β-ME) to help unfold the PioAB complex is indicated. An affinity-purified glutathione Stransferase (GST)-PioAN fusion protein was used as a positive control. Schematics of the
constructs expressing either only the C terminus of PioA (HR-PioAC) (i) or a full-length PioA
(PioAFL) with a C-terminal His tag under PaphII, a constitutive promoter (ii) are shown in panel G.
Coomassie and heme staining and immunoblotting with anti-PioAC antibodies on His-enriched
PioA from membrane (M) and soluble (S) fractions of a ΔpioA TIE-1 mutant expressing either
HR-PioAC or PioAFL are shown in panel H. A Coomassie gel was run to ensure nearly equal protein
loading. Open and filled triangles indicate holo-PioAC (∼34 kDa) and holo-PioACB complex
(>170 kDa), respectively.

2.4.2 TIE-1 produces a 34-kDa holo-PioAC that exists as a free periplasmic
protein and in a complex with PioB
To investigate the biological relevance of PioA N-terminal processing in the native
photosynthetic host, we isolated soluble and membrane fractions of photoautotrophically grown
wild-type (WT) and ΔpioABC mutant strains of TIE-1. We observed two heme-containing
polypeptides: an ∼34-kDa band in the soluble fraction and a larger (>170-kDa) band in the
membrane fraction of WT TIE-1 (Figure 2.1D). Both bands reacted with anti-PioAC antibodies
(Figure 2.1E) but not with anti-PioAN antibodies (Figure 2.1F). Mass spectrometry analysis of
these bands identified only the C-terminal peptides of PioA, consistent with processing of the Nterminal region in these heme-attached forms of PioA. These results suggest that TIE-1 produces
only the 34-kDa heme-attached C terminus of PioA (here termed holo-PioAC). Mass spectrometry
analysis of the >170-kDa protein band identified it as PioACB complex (Supplementary Figure
2.4A). This band also demonstrates heat modifiability (Supplementary Figure 2.4B), a feature
reported for bacterial porins [38-42]. Indeed, the holo-PioACB migrates as an ∼120-kDa band
without heat treatment and shifts to >170 kDa when the sample is heated to 90°C for 3 min
(Supplementary Figure 2.4B). The 120-kDa holo-PioACB band (unheated) likely represents the
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observed size of holo-PioAC (∼34 kDa) plus the expected size of PioB (∼87 kDa), further
indicating that the complex is composed of holo-PioAC (that lacks the N-terminal region) and
PioB. Overall, these results suggest that TIE-1 produces a 34-kDa holo-PioAC that exists in two
forms, a free soluble periplasmic protein and a membrane-associated protein in complex with PioB
(holo-PioACB).
Holo-PioAC produced natively in TIE-1 is the same size as holo-PioACr produced
heterologously in E. coli (as determined by SDS-PAGE). A similarly sized heme-stainable PioA
(∼40 kDa) was previously observed from the soluble fraction of TIE-1 by Jiao and Newman [6].
The size observed for holo-PioAC is comparable to the size of the previously characterized
decaheme homologs MtrA and MtoA [21, 31]. Our biochemical results suggest that holo-PioAC is
the functional component of a PioACB complex in TIE-1. However, holo-PioAC lacks the Nterminal 200-aa region of the predicted PioA protein. The question remains as to how TIE-1
produces holo-PioAC. There are two possibilities: (i) full-length PioA is produced and processed
to produce holo-PioAC, or (ii) an internal methionine closer to the first heme attachment site is the
functional start codon. Interestingly, the internal hydrophobic region (HR) of the C terminus of
PioA starts with a methionine residue (Met241), and Met241 is the only internal methionine from
which a putative Sec signal peptide is predicted based on PredTat [43]. It is therefore possible that
Met241 is used as a start codon for PioA, with the Sec signal in the HR serving as a periplasmic
signal peptide and with the resulting protein being ∼34 kDa. There is, however, no observable
canonical ribosome binding site (RBS) upstream of Met241. To directly test this possibility, we
expressed the pioA gene encoding only the C terminus of PioA from the HR (241 to 540 aa; HRPioAC) with a C-terminal 6×His tag in the ΔpioA mutant using a pRhokS-2 plasmid under a
constitutive promoter, PaphII, along with a strong RBS (Figure 2.1G) [44]. We observed (by
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PioAC Western blotting [WB]) the expected size of HR-PioAC upon enrichment using
hexahistidine affinity purification, suggesting that this version of the protein can be produced
artificially in TIE-1 (Figure 2.1H, WB:PioAC). However, HR-PioAC was not heme attached as
determined by heme staining (Figure 2.1H, PioAC). Because c-heme maturation will depend on
the periplasmic transport of HR-PioAC, the above result suggests that the Sec signal within the HR
is not a functional periplasmic signal and that Met241 does not serve as an alternative start codon
for PioA. These results demonstrate the importance of the N terminus (signal peptide and 200-aa
region) in the synthesis of holo-PioAC in TIE-1.

2.4.3 N-terminal processing of PioA is required for photoferrotrophy
To gain insights into the biological role of N-terminal processing, we engineered a series
of N-terminal-PioA chromosomal deletion mutants in TIE-1 (Figure 2.2A). We tested the ability
of these mutants to perform Fe(II) oxidation. The Δ240 mutant lacks the complete N terminal
region that includes both the predicted signal peptide and the 200-aa region, the Δ43 mutant lacks
only the signal peptide, and the Δ200 mutant lacks only the 200-aa region but contains the intact
signal peptide. Photoautotrophically grown TIE-1 cells with hydrogen were used for cell
suspension assays. We observed that the Δ200 mutant oxidized Fe(II) both in the cell suspension
assays and during photoferrotrophy (Figure 2.2B and C, green line, and Supplementary Figure
2.5). In contrast, the Δ240 and Δ43 mutants, which lack the signal peptide that is essential for
periplasmic export, were unable to oxidize Fe(II) or perform photoferrotrophy (Figure 2.2B and
C, red and purple lines, respectively). Furthermore, only the Δ200 construct rescued the phenotype
of a ΔpioA mutant when expressed in trans from a plasmid (Figure 2.2D). The ability of the Δ200
mutant to oxidize Fe(II) suggests that holo-PioAC is a functional iron oxidase in TIE-1. It also
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demonstrates that the N-terminal 200-aa region of PioA is not directly involved in the ability of
PioA to oxidize Fe(II).
Although the Δ200 mutant was able to grow via photoferrotrophy, it had an extended lag
phase compared to that of the WT (Figure 2.2C). We examined whether this lag is due to the
difference in PioA concentrations between these two strains. To approximate photoferrotrophy and
obtain sufficient cells for total protein extraction, strains grown photoautotrophically with
hydrogen (optical density at 660 nm [OD660,] of 1.0) were exposed to 3 mM Fe(II) and harvested
after 22 h when all Fe(II) was oxidized (Figure 2.2E). We observed a smaller amount of both free
holo-PioAC and holo-PioACB complex in the Δ200 mutant than in the WT (Figure 2.2F and G).
We also assessed the relative transcript levels of pioA under these conditions and observed a slight
increase in pioA transcripts in the Δ200 mutant compared to the level in the WT (Figure 2.2H).
This result rules out the possibility that the lower level of free holo-PioAC and holo-PioACB
complex in the Δ200 mutant could be due to lower protein expression in the mutant. Therefore,
we propose that the N-terminal 200-aa region of PioA plays a role in maintaining the concentration
of holo-PioAC in TIE-1 at wild-type levels. Edman degradation analyses of holo-PioAC purified
from TIE-1 identified Ala243 as the N-terminal residue of the processed protein (Figure 2.3).
Cleavage at this site would produce a protein with a predicted molecular weight of 34 kDa, as
calculated for the holo-PioAC.
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Figure 2.2. Production of the holo-PioAC (34 kDa) is required for photoferrotrophy in TIE1. (A) Schematic representation of the pioA gene in the wild-type (WT) TIE-1 and Δ240, Δ200,
and Δ43 TIE-1 mutant genomes. The mutants lack regions encoding the N terminus (Δ240), the
200-aa region (Δ200), and the putative signal peptide (Δ43) of PioA protein. (B) Fe(II) oxidation
by WT and TIE-1 mutants in cell suspension assays. Data shown are representative of three
independent experiments. Error bars are means ± standard deviations of three technical replicates.
(C) Fe(II) oxidation by WT and TIE-1 mutants during photoferrotrophic growth. Data are means
± standard deviations of three biological replicates. Cell growth during photoferrotrophy was
determined by OD660 measurements at indicated time points and protein quantification at the initial
(T0) and final (Tf) time points (Supplementary Figure 2.5). (D) Complementation of the Fe(II)oxidizing ability of ΔpioA mutant by expressing pioA-containing plasmids that mimic the Δ240,
Δ200, and WT genotypes. Data shown are representative of three independent experiments. Error
bars are means ± standard deviations of three technical replicates. (E) Fe(II) oxidation by the ΔpioA
and Δ200 mutants and WT TIE-1. Fe(II) concentration at the initial time (T0) and after 22 h (T22)
of Fe(II) exposure are shown. Error bars are means ± standard deviations of three technical
replicates. (F and G) Heme staining and Western blotting (WB) with anti-PioAC antibodies for the
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soluble (F) and membrane (G) fractions of cells harvested after 22 h. Upregulation of other cyt c
proteins was observed for the pio mutants compared to expression in the WT. Open and filled
triangles indicate holo-PioAC and holo-PioACB complex, respectively. (H) Relative expression of
pioA (normalized to that of recA) in cells harvested after 22 h. qRT-PCR data are means ± standard
errors for three biological replicates assayed in duplicate. The asterisk represents a low value (0.01)
for the ΔpioA mutant control.
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Figure 2.3. PioA is processed at Ala243 in the hydrophobic region. (A) Coomassie and heme
staining of affinity-purified holo-PioAC from the ΔpioA TIE-1 mutant expressing full-length pioA
under the pio promoter with a C-terminal His tag. The band corresponding to the heme band
(34 kDa, boxed) from the Coomassie blot was used for Edman degradation analysis (5-aa Nterminal sequencing). (B) PioA sequence showing N-terminal amino acids determined in Edman
analysis of 34-kDa holo-PioAC (ATREPR, underlined). The arrowhead indicates a cleavage site
between Val242 and Ala243. Colors of peptides are consistent with the colors of different regions
(Sec signal, 200-aa, HR, and heme-binding C terminus) of PioA represented in the models in
Figure 2.1A and 2.2A. The peptides detected by mass spectrometry analysis of the 34-kDa PioA
band are highlighted.
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2.4.4 N-terminally processed PioA is an iron oxidase
The fact that holo-PioAC is required for Fe(II) oxidation in TIE-1 suggests that it is an iron
oxidoreductase. Thus, we affinity purified holo-PioACr and assayed its iron oxidation capacity by
UV-visible light (UV-Vis) spectroscopy under anaerobic conditions. The UV-Vis spectra of holoPioACr show the spectral signatures of typical c-type cytochromes (Figure 2.4A and
Supplementary Figure 2.3B). Covalently bound heme in holo-PioACr was determined by observing
a 550-nm α peak in the pyridine hemochrome assay (Figure 2.4A, inset) [45, 46]. The dithionitereduced holo-PioACr (Figure 2.4A, purple) was reoxidized after addition of Fe(III) chloride
solution, as indicated by a shift of the Soret peak back from 418 to 408 nm and disappearance of
the α and β peaks at 551 and 523 nm, respectively (Figure 2.4A, teal blue). This spectral
characteristic of holo-PioACr is similar to that of the reduced-MtrCAB complex after addition of
Fe(III) citrate [21]. As reported for the decaheme cyt c MtoA [31], the reduction of holo-PioACr
with Fe(II) chloride was pH dependent and only detected at a basic pH of 9 to 10 (Figure 2.4B).
These results demonstrate that holo-PioACr can donate electrons to Fe(III) and accept electrons
from Fe(II). Thus, the N-terminal 200-aa region of PioA is not required for iron oxidase activity,
but its processing is required for proper attachment of the heme groups to PioA, suggesting a
regulatory role during PioA maturation.
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Figure 2.4. The holo-PioAC is an iron oxidoreductase. UV-visible light spectral analysis of the
affinity-purified PioACr was performed under anaerobic conditions. (A) Purified PioA (black),
PioA reduced with sodium dithionite (purple), and reoxidized PioA (teal blue) after addition of
Fe(III) chloride solution (100 μM) to reduced-PioA. The inset shows a pyridine hemochrome
assay. (B) Purified PioA (black), PioA after addition of Fe(II) chloride solution (blue), PioA after
increasing the pH to ∼8 (dark green), and PioA after increasing pH to ∼9 to 10 (orange).
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2.4.5 The holo-PioACB complex catalyzes the extracellular oxidation of iron
in vivo
An important unknown aspect of photoferrotrophy is the location of the Fe(II) oxidation
activity in the bacterial cell. Our results suggest that Fe(II) oxidation could occur either in the
periplasm by soluble holo-PioAC or extracellularly by the holo-PioACB complex. Both activities
could also occur simultaneously in TIE-1. To dissect the roles of soluble holo-PioAC and holoPioACB complex, we used the TIE-1 ΔpioB mutant. Deletions of pioA, pioB, and pioC in TIE-1
have been shown to be nonpolar [6]. First, we tested the fate of holo-PioAC in the absence of the
PioB protein. Analysis of holo-PioAC in the ΔpioB mutant showed that the protein is present only
in the soluble fraction and not in the membrane fraction (Figure 2.5A). This result agrees with the
bioinformatic prediction of PioA as a periplasmic soluble protein and reveals the importance of
PioB in the localization of PioA to the membrane. Because the ΔpioB mutant contains only soluble
holo-PioAC, it serves as an ideal construct to investigate the role of periplasmic soluble holo-PioAC
in Fe(II) oxidation. We found that ΔpioB cannot oxidize Fe(II) in cell suspension assays (Figure
2.5B). Because periplasmic holo-PioAC is produced in the ΔpioB mutant, this result indicates that
Fe(II) oxidation is unlikely to be carried out by soluble holo-PioAC in the periplasm. Another
explanation for this result might be that PioB acts as an Fe(II) import porin that makes Fe(II)
available to periplasmic PioA for iron oxidation and/or as an Fe(III) export porin to remove Fe(III)
from the cell. This would prevent accumulation of iron oxides in the periplasm, likely a lethal
event for the cell [6]. However, based on precedence from the MtrAB system in Shewanella [21,
47], PioB might exist only as a PioAB complex in the outer membrane. Moreover, in the MtrAB
system in Shewanella, MtrB requires MtrA to enter the outer membrane (OM), and, therefore, the
two proteins are inserted into the OM as a MtrAB complex [21, 47]. To this end, we investigated
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the fate of PioB in the absence of PioA by using a ΔpioA mutant. Similar to observations of MtrAB,
using immunoblotting with an antibody specific to PioB, we observed the presence of PioB in the
soluble fraction but not in the membrane fraction of the ΔpioA mutant (Figure 2.5C). This result
suggests that the holo-PioAC and PioB localize together as a complex in the OM, and, therefore,
PioB is likely not present as a discrete porin in TIE-1. This result is further supported by the fact
that we could detect only the holo-PioACB complex and not free PioB in the membrane fraction
of WT TIE-1 (Figure 2.5C). Together, these results suggest that it is unlikely that soluble holoPioAC performs periplasmic Fe(II) oxidation and supports the hypothesis that the holo-PioACB
complex catalyzes Fe(II) oxidation extracellularly.
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Figure 2.5. PioA and PioB codependence for outer membrane incorporation. (A) Heme
staining and anti-PioAC Western blotting (WB) of proteins in the soluble and membrane fractions
of the ΔpioABC mutant, WT, and ΔpioB mutant. Open and filled triangles indicate holo-PioAC and
holo-PioACB complex, respectively. (B) Fe(II) oxidation by the WT and the ΔpioABC and ΔpioB
mutants in cell suspension assays. Data shown are representative of three independent
experiments. Error bars are means ± standard deviations of three technical replicates. (C) Heme
staining and immunoblotting with anti-PioB antibodies for the soluble and membrane fractions of
the ΔpioABC, ΔpioA, and WT strains. The asterisk indicates free PioB.
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2.4.6 The holo-PioACB complex is required for phototrophic EEU in TIE-1
In addition to Fe(II), TIE-1 can oxidize insoluble iron minerals, such as hematite [7], and
electrodes poised at the potential of insoluble iron minerals [15]. Because these insoluble electron
donors cannot cross the bacterial envelope, they are most likely oxidized by TIE-1 extracellularly
via the holo-PioACB complex. Poised electrodes in bulk reactors have been used as proxies of
natural interactions between microbes and minerals such as iron oxides [15, 48, 49]. However, in
such bulk reactors different factors, such as extracellular enzymes [50], presence of planktonic
cells, mediators, and abiotic reactions, could affect the electrochemical signals [15, 51]. Therefore,
we examined the involvement of the holo-PioACB complex in EEU using a microfluidic
bioelectrochemical cell (μ-BEC) developed in our laboratory [14]. In the μ-BEC, an electrode
poised at +100 mV versus a standard hydrogen electrode (SHE) was used to mimic the redox
potential of insoluble iron minerals [15]. We monitored and compared the light-dependent electron
uptake ability of WT TIE-1 and mutants. Intermediate electron uptake by the Δ200 mutant was
observed compared to that of the WT TIE-1 (Figure 2.6A to C, green and blue, respectively;
Supplementary Table 2.1). This corroborates the observation that the Δ200 mutant contains a
smaller amount of holo-PioACB complex (Figure 2.2G). We did not detect electron uptake by
either the ΔpioABC or ΔpioA mutant. Similar to findings with respect to Fe(II) oxidation, ΔpioB
mutant could not perform phototrophic EEU (Figure 2.6A to C, light brown). This result shows
that the holo-PioACB complex, but not free periplasmic holo-PioAC, is responsible for
phototrophic EEU in TIE-1. Phototrophic EEU has been studied in bulk bioelectrochemical
systems (BESs) [15] and in μ-BECs [14]. In BESs, both planktonic cells (70% electron uptake)
and biofilm-attached cells (30% electron uptake) contribute to phototrophic EEU [14, 15]. The μBEC collects data only from biofilm-attached cells. Therefore, our results from the μ-BEC suggest
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that in biofilm-attached cells, the PioABC system is essential for phototrophic EEU. This supports
previous results from bulk BESs where the ΔpioABC mutant lost 30% electron uptake ability [15].
Overall, our results indicate that the holo-PioACB complex serves as an electron conduit in TIE-1
to take up electrons from poised electrodes that mimic insoluble iron minerals.

Figure 2.6. The holo-PioACB complex is responsible for phototrophic EEU in TIE-1. Electron
uptake (represented as current density) by the ΔpioABC, ΔpioA, ΔpioB, Δ200, and WT TIE-1
strains in the microfluidic bioelectrochemical cell (μ-BEC) under a light-dark cycle (shaded
region) (A) and under continuous light (B) are shown. Data shown are representative of three
experiments. (C) Average maximum electron uptake under continuous light at a time point of 600 s
is represented as a bar diagram. Asterisks represent low current density values for a no-cell control
(FW medium, 0.16 nA/cm2), ΔpioABC mutant (−1.31 nA/cm2), and the ΔpioB mutant
(−0.45 nA/cm2). Error bars are means ± standard deviations of three biological replicates. The P
values were determined by Student's t test (1 star, P < 0.05; 2 stars, P < 0.01; 3 stars, P < 0.001).
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2.4.7 Postsecretory processing of PioA and holo-PioACB complex formation is
a conserved trait in other phototrophs
Homologs of PioA/MtrA and PioB/MtrB occur as operons in the genomes of many
proteobacteria [15, 21]. Sequence alignment of decaheme homologs separates them out into two
groups, one without the N-terminal extension (MtrA-like) and other with the N-terminal extension
(PioA-like) (Supplementary Figure 2.2B). Additionally, phylogenetic analysis clusters bacteria
with PioA-like homologs in a distinct clade (Figure 2.7A, highlighted clade). Interestingly, this
clade includes phototrophic bacteria known to be photoferrotrophs such as TIE-1 [32] and
Rhodomicrobium vannielii [52]. Although the N-terminal extensions vary in length and are not
conserved at the level of amino acid sequence, the presence of a larger N terminal region and an
internal hydrophobic region (HR) upstream of the first heme-binding motif are conserved features
of PioA-like homologs (Supplementary Figure 2.2B). Our data from TIE-1 has established that the
N-terminal region of PioA is important to produce a functional iron oxidoreductase (holo-PioAC)
and, hence, the holo-PioACB complex. To investigate the functional parallels of holo-PioA
synthesis and PioAB complex formation in phototrophs, we studied Rhodomicrobium vannielii
and Rhodomicrobium udaipurense. Both of these organisms have PioABC homologs. R. vannielii
can perform phototrophic Fe(II) oxidation [52] while the ability of R. udaipurense to oxidize Fe(II)
is unknown. The ability of R. vannielii and R. udaipurense to perform phototrophic EEU is also
unknown.
First, we studied the ability of R. vannielii DSM 162 [53] and R. udaipurense JA643 [54]
to oxidize Fe(II) and perform phototrophic EEU. Both R. vannielii DSM 162 and R. udaipurense
JA643 oxidized Fe(II) in cell suspension assays (Figure 2.7B, chartreuse green and teal blue,
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respectively). We also observed that these phototrophs, similar to TIE-1, can perform phototrophic
EEU from an electrode poised at +100 mV versus SHE in a μ-BEC reactor (Figure 2.7C and
Supplementary Table 2.1) [14]. Photoautotrophically grown R. vannielii DSM 162 and R.
udaipurense JA643 with hydrogen were used for cell suspension assays, and their ability to oxidize
Fe(II) suggests that the iron oxidase (PioA homologs) is produced under this growth condition. To
investigate whether these phototrophs, like TIE-1, also synthesize holo-PioAC and holo-PioACB
complex, cell fractions of photoautotrophically grown R. vannielii DSM 162 and R. udaipurense
JA643 were analyzed. Heme staining of the soluble and membrane fractions from these bacteria
showed band patterns similar to those of TIE-1. We observed two heme-stainable bands, an ∼34kDa band in the soluble fraction and a >170-kDa band in the membrane fraction (Figure 2.7D and
E), for both phototrophs. The >170-kDa bands from R. vannielii DSM 162 and R. udaipurense
JA643 were confirmed to contain PioA and PioB homologs by mass spectrometry analysis
(Supplementary Figure 2.6). Interestingly, these bacteria also contain a smaller holo-PioA
(∼34 kDa) in the soluble fraction than expected (∼48 kDa) from their annotated sequences (Figure
2.7D). Furthermore, only the C-terminal peptides of the PioA homologs were detected by the mass
spectrometry of these heme-stainable PioAB complexes (>170 kDa). Together, these results
suggest that the PioA-like homologs in R. vannielii DSM 162 and R. udaipurense JA643, similar
to the PioA of TIE-1, undergo postsecretory proteolysis of the N-terminal region to produce a
smaller holo-PioAC.
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Figure 2.7. Phototrophic bacteria, Rhodomicrobium vannielii DSM 162 and R. udaipurense
JA643, produce a PioAB complex and perform Fe(II) oxidation and phototrophic EEU. (A)
Neighbor-joining phylogenetic tree of decaheme cyt c homologs of MtrA-like and PioA-like
proteins. The highlighted clade contains a group of phototrophs that contains only PioA-like
decaheme homologs. The clade clusters in the same way even when the N-terminal domain is
excluded from the alignment. (B) Fe(II) oxidation by R. vannielii DSM 162 and R. udaipurense
JA643 in cell suspension assays. Data shown are representative of three independent experiments.
Error bars are means ± standard deviations of three technical replicates. Wild-type TIE-1 and the
ΔpioABC mutant were used as the positive and negative controls, respectively. (C) Maximum
phototrophic EEU (represented as current density) by R. vannielii DSM 162 and R. udaipurense
JA643 in a microfluidic bioelectrochemical cell (μ-BEC) under continuous light. Asterisk
represents a low average current density (0.0046 nA/cm2) for a no-cell negative (−) control. Error
bars are means ± standard deviations of three biological replicates. The P values were determined
by Student's t test (1 star, P < 0.05; 2 stars, P < 0.01; 3 stars, P < 0.001). (D and E) Coomassie and
heme staining for the soluble and membrane fractions, as indicated, of H2CO2 grown TIE-1
ΔpioABC, WT TIE-1, R. vannielii DSM 162, and R. udaipurense JA643. Open and filled triangles
indicate a smaller heme-stainable band (like holo-PioAC) in the soluble fraction and a highermolecular-mass band of >170 kDa (like holo-PioACB complex) in the membrane fraction,
respectively. Mass spectrometry analysis of >170-kDa heme-stainable bands from R. vannielii
DSM 162 and R. udaipurense JA643 confirm the presence of PioA and PioB homologs from the
respective bacteria (Supplementary Figure 2.6).

69

2.4.8 A holo-PioACB complex as the cornerstone for photoferrotrophy and
phototrophic EEU
Our biochemical and genetic studies show that the holo-PioACB complex is responsible for
extracellular oxidation and electron uptake from both soluble Fe(II) and poised electrodes (that
mimic insoluble iron minerals). The molecular mechanism of electron transfer by a porin and a
single decaheme protein, as in the holo-PioACB complex in TIE-1, is not well understood. To
investigate whether the dimensions of predicted models of holo-PioAC and PioB could support the
formation of a holo-PioACB complex to allow EEU to occur across the OM, we performed in silico
analysis of PioAC and PioB using RaptorX, a web-based server for protein structure prediction
[55]. The predicted structure of holo-PioAC has the dimensions of ∼100 by 40 by 30 Å
(Supplementary Figure 2.7A and B), and the predicted structure of PioB has an estimated pore
diameter of ∼30 to 40 Å (Supplementary Figure 2.7C and D). Although cryo-electron microscopy
(cryo-EM) or crystal structures will be necessary to validate the topology and structure of PioACB,
these in silico structure predictions suggest a holo-PioACB model (Figure 2.8A and Supplementary
Figure 2.7E) where holo-PioAC inserts through the entire length of PioB and supports EEU across
the OM (∼40 to 50 Å in width) of TIE-1.
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Figure 2.8. Proposed model for PioACB complex synthesis and function. (A) In silico-predicted
model for holo-PioACB complex. (B) A model for assembly of the active holo-PioACB complex.
The model describes the postsecretory steps in the synthesis of holo-PioAC and demonstrates an
electron uptake mechanism via PioACB complex that enables R. palustris TIE-1 to utilize both
Fe(II) and poised electrodes that mimic insoluble iron minerals as electron donors for
photosynthesis. PioC, a periplasmic high-potential iron-sulfur (Fe-S) protein, shuttles electrons
from the inner face of the holo-PioACB complex to photosynthetic reaction center. In silicopredicted models in panel A and in Supplementary Figure 2.7 were used to demonstrate folded
forms of holo-PioAC, PioB, and the holo-PioACB complex in this model. Solid arrows, steps in
protein transport, processing, and complex formation; dashed arrows, the path of electron transfer;
OM, outer membrane; ICM, inner cytoplasmic membrane; Q, ubiquinone pool; bc1, bc1 complex;
RC, photosynthetic reaction center.
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2.5 Conclusions
The results support a model (Figure 2.8B) for the synthesis and function of key proteins
involved in photoferrotrophy and phototrophic EEU whereby the cytoplasmic PioA precursor (540
aa) is exported to the periplasm via the Sec pathway with the concomitant removal of its signal
peptide (1 to 40 aa) [56]. The periplasmic apo-PioA (500 aa) is then proteolytically processed at
the Ala243 site by a periplasmic/membrane protease to facilitate heme attachment and produce
holo-PioAC (297 aa, 34 kDa). Holo-PioAC exists in two forms, in a free periplasmic form and in a
complex with PioB. The free periplasmic form of holo-PioAC is required for the stability and
incorporation of PioB in the OM. Based on the dependency of MtrB on MtrA for its OM
localization [21, 47] and the discovery of MtrB with an opposite orientation in the OM [57], it was
proposed that the folding and insertion of MtrB to the OM follow a different pathway than a typical
β-barrel OM porin in Shewanella [57]. Here, we propose that the orientation of PioB (Figure 2.8
and Supplementary Figure 2.7) and its folding and insertion to the OM in TIE-1 are similar to
those of MtrB. The holo-PioACB complex catalyzes electron uptake from both extracellular
electron donors such as Fe(II) and poised electrodes (that mimic insoluble iron minerals).
Subsequently, electrons from the holo-PioACB complex are transferred to the photosynthetic
reaction center in the inner cytoplasmic membrane, most likely via PioC (periplasmic soluble ironsulfur protein), as previously proposed [33, 34].
Although the 500-residue apo-PioA (54 kDa) is most likely secreted into the periplasm, we
did not detect this apo-PioA in TIE-1. This lack of detection could be due to the rapid proteolysis
of apo-PioA in TIE-1. In E. coli, we observed both the 54-kDa apo-PioA and the 34-kDa holoPioACr (Figure 2.1B and C), detecting heme attachment only in the 34-kDa C-terminal PioA. These
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results suggest that the proteolysis of apo-PioA occurs before heme maturation in both TIE-1 (and
other photoferrotrophs) and E. coli. We could not detect a PioAB complex containing full-length
apo-PioA; so heme maturation of PioA is likely important for formation of the PioAB complex.
Our data demonstrate that the deletion of the N-terminal 200-aa region of apo-PioA does not
abrogate production of holo-PioAC in TIE-1. However, it causes a decrease in the cellular
concentration of holo-PioAC and holo-PioACB complex, likely leading to a lag in photoferrotrophy
(Figure 2.2C) and an overall reduction in phototrophic EEU (Figure 2.6A to C). The 200-aa region
of the N terminus of PioA may play a role in maintaining the concentration of holo-PioAC in TIE1 at wild-type levels. This region could control the C-terminal PioA secretion rate and/or access
to the cyt c maturation pathway (i.e., CcmF/H synthetase) [58, 59]. The exact function of the Nterminal region will require further investigation. Although the ΔpioB mutant can produce soluble
holo-PioAC, it did not oxidize Fe(II) (Figure 2.5A and B) or perform phototrophic EEU (Figure
2.6A to C). This indicates that both of these processes in TIE-1 are catalyzed extracellularly by
holo-PioACB complex [33, 60].
The PioAB system potentially catalyzes electron transfer from extracellular solid
substrates, and its broad distribution suggests that this phenotype may also be widespread [15, 21].
Interestingly, we found that PioA-like (decahemes with extended N termini) homologs are
conserved only in phototrophic bacteria (Figure 2.7A and Supplementary Figure 2.2). Although
MtrA-like decaheme homologs and the MtrCAB electron conduit have been previously
characterized, these proteins are found in nonphototrophic organisms such as Shewanella that use
extracellular minerals as their terminal electron acceptors. Typically, these proteins allow electrons
produced inside the cytoplasm to be transferred to the terminal electron acceptor. However, the
MtrCAB conduit in Shewanella requires its extracellular decaheme component, MtrC, or its
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paralogues (OmcA and MtrF) to reduce Fe(III) or to transfer electrons to electrodes [23-25]. In
contrast, PioA-like homologs are found in phototrophic bacteria, and the PioAB conduit (with no
apparent extracellular decaheme cyt c component) likely allow electrons to be transferred across
the outer membrane from a variety of extracellular electron donors [such as soluble Fe(II),
insoluble iron, and insoluble iron mineral proxies such as poised electrodes] [14]. Subsequently,
PioC transfers electrons from the PioAB conduit to the photosynthetic reaction center [33, 34].
The transferred electrons are utilized to produce NAD(P)H that is required for carbon fixation via
the Calvin-Bassham-Benson cycle in TIE-1 [14].
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2.6 Materials and Methods
Bacterial strains and plasmids
A complete list of strains, plasmids, and primers used in this study are described in
Supplementary Table 2.2. Bacteria were grown using medium and culture conditions as previously
described [14, 15], and details are provided in Supplementary Methods.
Fractionation and preparation of soluble and membrane fractions of TIE-1
Photoautotrophically grown R. palustris TIE-1 strains with hydrogen in fresh water (FW)
medium [10] were used for fractionation. Fractionation was done as previously described [6] with
some modifications (see Supplementary Methods for a complete description of the methods used).
Protein expression and purification
Affinity purification of proteins from E. coli and R. palustris TIE-1 were performed as
previously described [61]. E. coli RK103 and the R. palustris TIE-1 ΔpioA mutant were used as
the expression hosts (see Supplementary Methods for a complete description of the methods used).
Antibody production and immunoblots
Antibody production and immunoblotting are described in detail in Supplementary
Methods.

Cell suspension assay
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All cell suspensions were performed in an anaerobic chamber (80% N2, 15% CO2 and 5%
H2; Coy Laboratory, Grass Lake, USA) at room temperature as previously described [6, 28, 62].
TIE-1 and other strains were inoculated from a prephotoautotrophic culture in FW medium with
hydrogen (80% H2, 20% CO2) and grown to an OD660 of ∼0.3. The cells were harvested by
centrifugation (10,000 × g for 5 min), washed three times with HEPES buffer (50 mM HEPES, pH
7.0, 20 mM NaCl), resuspended, and concentrated to an OD660 of ∼0.9 in HEPES buffer
supplemented with 1 mM Fe(II) and 5 mM nitrilotriacetic acid (NTA). One hundred microliters of
the cell suspensions was aliquoted in the 96-well plate. To start the assay, the plate was placed
under a 60-W incandescent light at a distance of 25 cm. Fe(II) measurement at the initial time point
(time zero [T0]) was taken before the light source was turned on. All of the Fe(II) measurements
were performed using a ferrozine assay [63].
RNA-preparations and RT-qPCR
RNA-preparations and reverse transcription-quantitative PCR (RT-qPCR) were done as
previously described [14, 15], and details are provided in Supplementary Methods.
Microfluidic bioelectrochemical cell and conditions
The microfluidic bioelectrochemical cells (μ-BECs) were assembled and used as
previously described [14] (see Supplementary Methods for a complete description of the methods
used).
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2.7 Supplementary Figures and Tables

Supplementary Figure 2.1. PioA has an N-terminal extension compared to the lengths of
previously characterized decaheme homologs, MtrA and MtoA. Larger N terminus of PioA is
highlighted. Predicted Sec signal peptides (processed and not present in the final protein) for these
proteins were excluded in this alignment.
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Supplementary Figure 2.2. Decaheme cyt c homologs with larger N termini (PioA-like) are
an exclusive trait of phototrophic bacteria. (A) PioA-like homologs are encoded by operons that
have pioABC genes in phototrophs (red box). Gene ortholog neighborhood regions with pioA
(Rpal_0817) gene’s bidirectional best hits are shown (jgi.doe.gov) (Chen et al., Nucleic Acids Res
47:D666–D677, 2019). The pioA homologs are shown in red; pioB homologs and pioC homologs
are shown in light yellow. Genes of the same color (except light yellow) represent the same
orthologous group. Asterisk represents a joining point of contigs JFZJ010000142 and
JFZJ010000052 in the R. udaipurense JA643 genome. Names of phototrophs are represented in
black and Shewanella oneidensis MR-1 (heterotroph) and Sideroxydans lithotrophicus ES-1
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(chemolithotroph) are represented in red. (B) PioA-like homologs contain larger N terminus and
internal HR. PioA-like (black) and MtrA-like (red) decaheme homologs are shown. Internal HR
regions are highlighted in yellow. Rpal, R. palustris; Rvan, R. vannielii; Ruda, R. udaipurense;
Sone, Shewanella oneindensis; and Slit, Sideroxydans lithotrophicus.
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Supplementary Figure 2.3. Production and characterization of recombinant holo-PioACr. (A)
Coomassie and heme staining and Western blots (WB) with PioA-specific antibodies of Hisenriched PioA protein samples. PioA-1 and PioA-2 are replicates. (B) UV-visible light spectral
analysis of the affinity-purified holo-PioACr under aerobic conditions. The spectra for holo-PioACr
are typical of c-type cytochromes with absorption maxima at 408 nm (γ) and 540 nm in the
oxidized state (black) and 418 nm (γ), 523 nm (β), and 551 nm (α) in the reduced state (red).
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Supplementary Figure 2.4. Characterization of PioAB complex. (A) Mass spectrometry result
of PioAB complex (>170 kDa heme-stainable band). Peptides detected by mass spectrometry
analysis are highlighted in the PioA (top) and PioB (bottom) sequences. (B) Holo-PioACB complex
shows heat modifiability property. Coomassie and heme staining of the membrane fraction
with/without heat treatment from ΔpioABC mutant and WT TIE-1. Heme-stainable band at ∼120
kDa (lane 2) shifts to >170 kDa (lane 4) after heat treatment. Porins, after heating, form an
excessive network of hydrogen bonding that holds β-strands together into the β-barrel shape,
resulting in an SDS-resistant structure responsible for the shift in SDS-PAGE. The heat
modifiability of holo-PioACB complex indicates that PioB is in its folded β-barrel state (N. Noinaj,
A. J. Kuszak, and S. K. Buchanan, Methods Mol Biol 1329:51–56, 2015).
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Supplementary Figure 2.5. Δ200 mutant can grow via photoferrotrophy. Photoferrotrophic
growth of WT TIE-1 and ΔpioA, Δ240, Δ200, and Δ43 mutants was determined by OD660
measurement (A) and total protein quantification at the initial (T0) and final (Tf) time points during
photoferrotrophy (B). Data shown in panels A and B are means ± standard deviations of three
biological replicates. The P values were determined by Student’s t test (1 star, P < 0.05; 2 stars, P
< 0.01; 3 stars, P < 0.001).
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Supplementary Figure 2.6. Mass spectrometry (MS) analysis of the >170 kDa heme-stainable
bands from R. vannielii DSM 162 and R. udaipurense JA643. The sequences of PioA and PioB
homologs from R. vannielii (A) and R. udaipurense (B) are shown. Highlighted peptides (yellow)
are the peptides detected by MS. The CXXCH motifs are shown in red. The first three residues of
HR that contains a PioA proteolysis site between Val242 and Ala243 in TIE-1 are highlighted in
green.
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Supplementary Figure 2.7. RaptorX-generated models of PioAC and PioB. (A) Predicted
model of PioAC (green) and dodecaheme cytochrome c GSU1996 (PDB accession number 3OV0,
best template used in the model preparation; brown) were overlaid in Chimera using default
parameters. (B) Surface of the PioAC-model from 1st CXXCH to the 10th CXXCH. CXXCH
motifs (1 to 10) are shown in red, and the rest of the protein is shown in green. (C and D) Predicted
model of PioB showing dimensions of protein surface (C) and pore (D). The N-terminal region of
PioB which forms a plug-like structure is not shown in this model for simplicity. These in silico
models support the hypothesis that PioAC can insert entirely through PioB and that the complex
(E) can take up electrons from the extracellular electron donors across the OM.
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Supplementary Table 2.1. Average maximum current uptake (nA cm-2) under continuous
light in µ-BECs for different bacterial strains.
Current uptake under continuous light for R. palustris TIE-1 and mutants represented in Figure
2.6C
Replication-1 Replication-2 Replication-3

Average

s.d

0.1402

0.0902

0.2431

0.1578

0.1134

∆pioABC

-1.2706

-1.5231

-1.1532

-1.3156

-0.3067

∆pioA

-9.8881

-8.3282

-12.4324

-10.2162

-2.9548

∆pioB

-0.3269

-0.5442

-0.4773

-0.4495

-0.2266

∆200

-231.248

-268.3021

-209.7632

-236.4378

-45.9456

WT TIE-1

-422.326

-401.4381

-440.7623

-421.5088

-27.3057

FW media control

Current uptake under continuous light (nAcm-2) for R. palustris TIE-1, R. vannielii DSM 162 and
R. udaipurense JA643 represented in Figure 2.7C
Replication-1 Replication-2 Replication-3
FW media control
WT TIE-1
R. vannielii DSM 162
R. udaipurense
JA643

Average

s.d

0.0227

0.0284

0.0192

0.0234

0.0046

-398.727

-387.408

-369.72

-385.285

14.6196

-82.513

-129.202

-93.831

-101.848

24.3552

-841.827

-787.02

-751.018

-793.288

45.7279

86

Supplementary Table 2.2. Relevant strains, plasmids, and primers employed in this study.
Strain, plasmid
E. coli

Description

Reference

WM6026

[lacIq rrnB3 ΔlacZ4787 hsdR514ΔaraBAD567 ΔrhaBA D568
rph-1 attl∷pAE12(ΔoriR6K-cat∷Frt5) ΔendA∷Frt
uidA(ΔMluI)∷pir attHK∷pJK1006Δ(oriR6Kcat∷
Frt5;trfA∷Frt)]. Donor strain for conjugation.

W. Metcalf,
UI,
UrbanaChampaign

DH10B

F- endA1 recA1 galE15 galK16 nupG rpsL ΔlacX74
Φ80lacZΔM15 araD139 Δ(ara,leu)7697 mcrA Δ(mrrhsdRMS-mcrBC) λ - . Used as standard cloning strain.

Casadaban
and Cohen,
1980

RK103

E. coli ∆ccm, Used as an expression strain for the pioA and
pioB genes

Feissner et
al, 2006

Wild type (WT)

Isolated from Woods Hole, MA.

∆pioA

R. palustris TIE-1 ∆pioA

∆pioABC

R. palustris TIE-1 ∆pioABC

∆240

R. palustris TIE-1 ∆240N-pioA (gene encoding for 1-240 aa
of PioA has been deleted from the chromosome)

Jiao et al,
2005
Jiao and
Newman,
2007
Jiao and
Newman,
2007
This study

∆200

R. palustris TIE-1 ∆200N-pioA (gene encoding for 44-240 aa
of PioA has been deleted from the chromosome)

This study

∆43

R. palustris TIE-1 ∆43N-pioA (gene encoding for 1-43 aa of
PioA has been deleted from the chromosome)

This study

R. palustris TIE-1
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Complemented
∆pioA -1

∆pioA TIE-1 expressing pDG09 (full-length pioA gene from
WT R. palustris TIE-1 with a C-terminal HIS tag under
constitutive promoter PaphII). Used for PioA analysis

This study

Complemented
∆pioA -2

∆pioA TIE-1 expressing pDG10 (pioA gene lacking encoding
sequence for 1-240 aa region from WT R. palustris TIE-1
with a C-terminal HIS tag under constitutive promoter
PaphII). Used for PioA analysis

This study

Complemented
∆pioA -3 (cWT)

∆pioA TIE-1 expressing pDG11 (full-length pioA gene from
WT R. palustris TIE-1 with a C-terminal HIS tag under the
native pio promoter). Used for complementation assay

This study

Complemented
∆pioA -4 (c240)

∆pioA TIE-1 expressing pDG12 (pioA gene lacking encoding
sequence for 1-240 aa region from WT R. palustris TIE-1
with a C-terminal HIS tag under the native pio promoter).
Used for complementation assay

This study

Complemented
∆pioA -5 (c200)

∆pioA TIE-1 expressing pDG13 (pioA gene lacking encoding This study
sequence for 43-240 aa region from R. palustris TIE-1 ∆200
mutant with a C-terminal HIS tag under the native pio
promoter). Used for complementation assay

Others
R. vannielii DSM
162

Wild type

R. udaipurense
JA643

Wild type

Duchow and
Douglas,
1949
Tushar et al,
2014

88

Plasmid
pRGK330
pRGK332

pBad24, Cmr, Used for cloning and gene expression in E. coli Feissner et
al, 2006
pBAD24-derived plasmid with C4-periplasmic signal peptide Feissner et
from Bordetella pertussis inserted after RBS site under pBAD al, 2006
promoter, Cmr. Used for cloning and gene expression in E.
coli

pGEX-4T-1

This expression vector with an N-terminal GST fusion to the
insert under the control of the IPTG-inducible Tac promoter,
Ampr. Used for cloning and gene expression in E. coli

Amersham
Biosciences

pRGK333

a pGEX-derived plasmid containing CcmA-H genes under
pTac promoter, Ampr

Feissner et
al, 2006

pJQ200KS

Mobilizable suicide vector; sacB, Gmr

Quandt and
Hynes, 1993

pRhokS-2

pRho broad-host-range expression vector with aphII, a
constitutive promoter, Cmr, Kmr. Used for cloning and gene
expression under the constitutive promoter in R. palustris
TIE-1

Katzke et al,
2010

pAB307

pBBR1MCS-5 (Kovach et al., 1995) derived plasmid
containing the pio promoter of R. palustris TIE-1, Gmr. Used
for cloning and gene expression under the native pio
promoter in TIE-1

Bose and
Newman,
2011

pDG01

The B. pertussis cyt c4 periplasmic signal peptide was
amplified from pRGK322 using C4S_F and C4S_R primers.
Similarly, the pioA gene (Rpal_0817) lacking its predicted
Sec signal peptide (1-40 aa) was amplified from R. palustris
TIE-1 with a C-terminal His tag using 41-540pioA_F and
pioA_R primers. Then these two amplicons were fused by
overlapping PCR using C4S_F and pioA_R. The fusion
product ‘C4S-41-540pioA-His’ was cloned into pRGK332
using NheI and XbaI sites. Used for protein production in E.
coli

This study

pDG02

The pioB gene was amplified from R. palustris TIE-1 with its
RBS site and C-terminal Flag tag using PioB_F and PioB_R

This study
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pDG03

primers. The amplicon was then cloned into pDG1 with BglII
and XbaI sites. Used for protein production in E. coli
The pioA gene encoding for the C-terminus PioA (241-540
aa) with a C-terminal His tag from R. palustris TIE-1 cloned
into the NcoI and XbaI sites of pRGK330 using
HRpioA_F/pioA_R primers. Used for protein production in
E. coli

This study

pDG04

C4 periplasmic signal peptide was amplified using C4S_F
and C4S_R2 primers. Similarly, the pioA gene encoding for
C-terminus PioA (241-540 aa) with a C-terminal His tag was
amplified from R. palustris TIE-1 using HRpioA_F2/pioA_R
primers. Then these two amplicons were fused by
overlapping PCR using C4S_F and pioA_R. The fusion
product ‘C4-HRpioA-His’ cloned into the NheI and XbaI site
of pRGK332. Used for PioA production E. coli

This study

pDG05

The pioA gene encoding for the N-terminus region (41-240
aa) from R. palustris TIE-1 cloned into the BamHI and NotI
sites of pGEX-4T-1 using GEX-Nter_F/GEX-Nter_R
primers. Used for protein production in E. coli

This study

pDG06

1-kilo base (kb) upstream and 1 kb downstream region of the
∆240pioA gene from WT R. palustris TIE-1 cloned into the
SacI and BamHI sites of pJQ200KS using
Up_pioA_F/Up_pioA_R (upstream) and
Dw_∆240_F/Dw_∆240_R (downstream) primers. Used for
generating R. palustris TIE-1 ∆240 mutant

This study

pDG07

1 kb upstream and 1 kb downstream region of the ∆43pioA
gene from WT R. palustris TIE-1 cloned into the SacI and
BamHI sites of pJQ200KS using Up_pioA_F/Up_pioA_R
(upstream) and Dw_∆43_F/Dw_∆43_R (downstream)
primers. Used for generating R. palustris TIE-1 ∆43 mutant

This study

pDG08

1 kb upstream and 1 kb downstream region of the ∆200pioA
gene from WT R. palustris TIE-1 cloned into the SacI and
BamHI sites of pJQ200KS using Up_∆200_F/Up_∆200_R
(upstream) and Dw_∆240_F/Dw_∆240_R (downstream)
primers. Used for generating R. palustris TIE-1 ∆200 mutant

This study
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pDG09

pDG10

A full-length pioA gene from TIE-1 with a C-terminal His tag This study
cloned into the NdeI and BamHI sites of pRhokS-2 using
FlpioA_F/pioA_R primers. Used for protein production in R.
palustris TIE-1
The pioA gene encoding for C-terminus PioA (241-540 aa)
This study
with a C-terminal His tag from WT R. palustis TIE-1 cloned
into the NdeI and BamHI sites of pRhokS-2 using
HRpioA_F2/pioA_R primers. Used for protein production R.
palustris TIE-1

pDG11

A full-length pioA gene with a C-terminal His tag from WT
R. palustis TIE-1 cloned into the NdeI and BamHI sites of
pAB307 replacing lacZ. FlpioA_F/pioA_R primers were
used. Used in the complementation assay

This study

pDG12

The pioA gene encoding for C-terminus PioA (241-540 a
with a C-terminal His tag) from WT R. palustis TIE-1 cloned
into the NdeI and BamHI sites of pAB307 using
HRpioA_F2/pioA_R primers. Used in the complementation
assay

This study

pDG13

The pioA gene lacking 200 aa-region with a C-terminal His
tag form ∆200 mutant cloned into the NdeI and BamHI sites
of pAB307 replacing lacZ. HRpioA_F/pioA_R primers were
used. Used in the complementation assay

This study
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Oligonucleotide

Sequence (5' --> 3')

Expression plasmids construction
C4S_F (NheI)

AACCATTGGGCTAGCAGGAGGATTTCATGAAGCGTGTGC

C4S_R

GTCCGACCATCGCCGGTTCGGCGGCGAAACTCATGGAG

41-540pioA_F

CTCCATGAGTTTCGCCGCCGAACCGGCGATGGTCGGAC

pioA_R (His tag_BglII, AACATCTAGAGGATCCAGATCTCAATGGTGATGGTGATG
BamHI, XbaI)

GTGTCGGTGCCAGCGCGATCC

pioB_F (BglII)

GTGGAGATCTAGGAGGACTTCACCATGGCGTTTAGGCAAT
TCCTG

pioB_R (Flag tag,

ATATTCTAGATTACTTGTCGTCATCGTCTTTGTAGTCCCAT

XbaI)

TTGGCGTTGAGCGAG

HRpioA_F (NcoI)

ATATCCATGGTCGCGACGCGCGAGC

C4S_R2

TCGCGCGTCGCGACCATGGCGGCGAAACTCATGGAGTGA
AC

HRpioA_F2

TCACTCCATGAGTTTCGCCGCCATGGTCGCGACGCGCGAG

FlpioA_F (NdeI)

GGCAGAACATATGGGGGGCTCTCGGG

HRpioA_F2 (NdeI)

TCTCCATATGGTCGCGACGCGCGAG

GEX-Nter_F (BamHI)

TGGTGGATCCGAACCGGCGATGGTCGGAC

GEX-Nter_R (NotI)

ATATGCGGCCGCCAGGACCGGCCGGGAATC

Deletion plasmids construction
UP_pioA_F (SacI)

ACCAGAGCTCTTCCAAACTGTTCGTTCG

UP_pioA_R (XbaI)

AGCATCTAGAGTCCGTCCCCCGCAAGTG

Dw_∆240_F (XbaI)

ATCATCTAGAATGGTCGCGACGCGCGAG

Dw_∆240_R (BamHI)

TGTAGGATCCTATTACGGTCACCACGGAG

Dw_∆43_F (XbaI)

ATCATCTAGAATGGTCGGACACACCGCCTTG

Dw_∆43_R (BamHI)

TGTAGGATCCAATAGGTCTGGTCGCCCTTCTCGTG

Up_∆200_F (SacI)

AGAGGAGCTCACATCGTGCTCAACGACCTCG

UP_∆200_R (XbaI)

ATCATCTAGATTCGGCGCCGGCTGGC

Plasmid sanger sequencing/ mutant confirmation
cNKO_F

TCGACGTCGCCCACGACACGTG
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cNKO_R

ACGAAGTAACGGCCATCGGGATCGC

pioA4B_L_F

ACCACGAGTCGCTGCTGATC

pioB_M_F

ACACTACAACGTCCAGGTCG

pioB_M_R

ATCAGGATGGTCTGCACTTTCTC

Seq_A-mid_F

TGTTCGACGAGTTCCAGCAGAC

Seq_A-mid_R

TCTGCTGGAACTCGTCGAACAG

Seq_pBAD_F

ACTCTCTACTGTTTCTCCATACCC

Seq_pBAD_F

CTTTACTAAGCTGATCCGGTGGATG

Pio_conf_F1

ATTGCGAGTCGTCCTGTTGCAC

Pio_conf_R1

TCTGCGGTGCTCTGGCGTG

Pio_conf_F2

ACGGCGATCGATAGTGGTC

Pio_conf_R2

TCACTATAGGGCGAATTGGAG

MidpioA_R

TCAGGCAGACGCTGTTGG

pJQ_seq_F

GTAGCGAGTCAGTGAGCGAGGAAGC

pJQ_seq_R

GACTCACTATAGGGCGAATTG

RT-qPCR
pioA (Rpal_0817)-F

GTTACTTCGTCGGCTCCAAG

pioA_(Rpal_0817)-R

ACCTTGCCGGACTTGATG

clpX (Rpal_3308)-F

GGAGATCTGCAAGGTTCTCG

clpX (Rpal_3308)-R

CCGCTTGTAGTGATTGTGGA

recA (Rpal_4376)-F

ATCGGCCAGATCAAGGAAC

recA (Rpal_4376)-F

GAATTCGACCTGCTTGAACG
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2.8 Supplementary Methods
2.8.1 Media and culture conditions
Escherichia coli strains were grown in Lysogeny broth (LB) or LB-agar at 37oC. Media
was supplemented with appropriate combinations of antibiotics (50 µg/mL kanamycin, 20 µg/mL
gentamycin, 100 µg/mL ampicillin, or 25 µg/mL chloramphenicol) as indicated for different
constructs. Liquid cultures were grown with shaking at 200 rpm. E. coli WM3064 was
supplemented with 2.4 mM diaminopimelic acid. Rhodopseudomonas palustris TIE-1 (TIE-1)
strains were grown in YP broth (0.3% yeast extract; 0.3% peptone) supplemented with 10 mM
succinate and 10 mM MOPS pH 7.0 (YPSMOPS) or YPSMOPS-agar at 30oC for aerobic
chemoheterotrophic growth. Media was supplemented with antibiotics (200 µg/mL kanamycin or
400 µg/mL gentamycin) when necessary. The aerobic chemoheterotrophic cultures were grown in
dark with shaking at 200 rpm. For anaerobic photoautotrophic growth, TIE-1 strains were grown
on hydrogen (80% H2: 20% CO2 at 50 kPa) or 5 mM Fe(II) chloride in freshwater (FW) medium
[10] supplemented with 20 mM sodium bicarbonate in sealed sterile serum bottles. The
photoautotrophic culture with Fe(II) contained 10 mM nitrilotriacetic acid (NTA) to prevent iron
precipitation [6] and the headspace atmosphere consists of 80% N2 and 20% CO2. Media was
supplemented with antibiotics (200 µg/mL kanamycin or 400 µg/mL gentamycin) when necessary.
The phototrophic cultures were grown without shaking at 20-30 cm distance from a 60 W
incandescent light bulb. In all cases where a change in culture medium was required, cells were
washed three times in basal FW medium post-centrifugation at 5,000 x g. R. vannielii DSM 162
and R. udaipurense JA643 were photoautotrophically grown with hydrogen in FW medium as
described above for wild type TIE-1.
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2.8.2 Protein expression and purification from Escherichia coli
E. coli RK103 was used as the expression host. To facilitate expression of heme-attached
PioA (holo-PioA), we used an engineered E. coli RK103 (∆ccm) strain [36] where the ccmA-H
genes are overexpressed through a plasmid (pSysI) under an IPTG-inducible promoter [36]. To
ensure correct localization of the protein in the E. coli’s periplasm, we replaced the PioA signal
peptide with a validated signal peptide from the cytochrome c4 gene [36] and engineered a Cterminal 6XHis tag. Culture, induction, and affinity purification of protein was done as previously
described [61]. E. coli strains were cultured in LB (5 mL) supplemented with the appropriate
antibiotics from a single colony and grown overnight at 37oC and 200 rpm. Starter cultures (100
mL) were inoculated with the 5 mL pre-grown cultures and cultivated in LB with antibiotics for
~18 h. The starter cultures were diluted 1/10 into 1 L of LB with antibiotics and grown to an OD600
of ~1.2 and then induced with 1 mM IPTG for pGEX-derived plasmids or 40 mM arabinose for
pBAD-derived plasmids. After ~16 h of induction, cultures were harvested by centrifugation
(10,000 x g for 30 min at 4oC) and stored at -80oC. Cell pellets were thawed on ice for ~30 min,
resuspended in the appropriate buffer (GST buffer: 4.3 mM Na2HPO4 pH 7.3, 1.5 mM KH2PO4,
2.7 mM KCl, and 140 mM NaCl and His buffer: 20 mM Tris-HCl pH 7.2 and 100 mM NaCl)
supplemented with 1 mM phenylmethanesulfonyl fluoride (PMSF; Sigma-Aldrich) and 1 mg/mL
egg white lysozyme (Sigma-Aldrich), and shaken on ice for ∼30 min. Cells were lysed by
sonication (6 × 30 sec on, 30 sec off) on ice using a Branson250 sonicator (50% duty, 6 output).
The sonicate was cleared of cell debris by centrifugation (24,000 x g for 30 min) at 4oC. The
soluble and membrane fractions were then separated by high-speed ultracentrifugation (100,000 x
g for 45 min) at 4oC. Membrane pellets were solubilized in the appropriate buffer with 1% Triton
X-100 (TX-100; Sigma-Aldrich) and affinity purified by a batch method with the appropriate resin
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[GST affinity tag−Glutathione agarose (Pierce) and His affinity tag−TALON Metal affinity resin
(Clontech)]. Columns were washed by gravity flow and eluted in 4 mL of the appropriate buffer
(20 mM L-glutathione in GST buffer and 150 mM imidazole in His buffer) with 0.02% TX-100.
Purified protein was concentrated using 30 kDa Amicon protein concentrators, and total protein
concentrations were determined by a Bradford assay (Sigma). Purifications used for redox
titrations were subsequently buffer exchanged and concentrated in a 10 kDa Amicon filter to
decrease imidazole concentration below 1 mM.

2.8.3 Fractionation and preparation of soluble and membrane fractions of
TIE-1
Photoautotrophically grown R. palustris TIE-1 strains were used for fractionation. TIE-1
strains were grown with hydrogen in fresh water (FW) medium [10] (500-1,000 mL) to an OD660
~1.2 before harvested by centrifugation (10,000 x g for 30 min) at 4oC and stored at -80oC. To
mimic the photoferrotrophic condition, TIE-1 strains were first grown with hydrogen in FW
medium (500 mL) to an OD660 ~1 and then exposed to ~3 mM Fe(II) chloride and 6 mM NTA
(Nitrilotriacetic acid) under a headspace atmosphere of 80% N2 and 20% CO2. Cells were
harvested when all Fe(II) was oxidized (Tf = T~22h) and stored at -80oC. Cell pellets were thawed
on ice for ~30 min, resuspended in Tris-buffer (20 mM Tris-HCl pH 7.2, 100 mM NaCl)
supplemented with 1 mM PMSF and 1 mg/mL egg white lysozyme, and then shaken on ice for
∼45 min. Cells were lysed by three passes at 18,000 lbf/in2 through a high-pressure homogenizer
(Avestin EmulsiFlex C5, Canada). The lysates were centrifuged (24,000 x g for 30 min) at 4oC to
separate out supernatant and pellet. The pellets were solubilized in Tris-buffer with 5% Triton X100 (Sigma-Aldrich) and used as the membrane fraction. Supernatants were further centrifuged
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(100,000 x g for 45 min) at 4oC to separate out any remaining membrane fraction and resulting
ultrasupernatant was used as a soluble fraction.

2.8.4 Protein expression and purification from R. palustris TIE-1
The pioA gene was expressed in the R. palustris TIE-1 ∆pioA background using a broadhost-range expression vector either under a constitutive promoter or the native pio promoter
(Supplementary Table 2.2). The pioA-expression plasmids were conjugated into the ∆pioA mutant
using the mating strain E. coli WM3064 and selected on YPSMOPS agar with 400 µg/mL
kanamycin (64). A single colony was grown in YPSMOPS broth (5 mL) with the appropriate
antibiotic. Anaerobic phototrophic starter cultures (10 mL) were inoculated with the YPSMOPS
grown cells (500 µL) in FW medium plus antibiotic and grown with hydrogen. After cultures grew
to an OD660 ~ 1.2, the starter cultures were diluted 1:50 in 500 mL FW medium with antibiotic and
grown photoautotrophically with hydrogen to an OD660 ~ 1.2. Cultures were harvested by
centrifugation (10,000 x g for 30 min) and stored at -80oC. Cell pellets were thawed, fractionated,
and PioA was purified using His affinity purification as described in the ‘Protein expression and
purification from E. coli’ section.

2.8.5 Antibody production
For the antibody against the N-terminus domain of PioA, the 200 aa-region (41-240 aa)
was produced with an N-terminus GST-tag and purified using GST-affinity purification. The GSTN-terminus-PioA fusion protein was confirmed using the anti-GST antibody. The fusion protein
(~500 µg) bands were cut out from the multiple Coomassie-stained SDS-PAGE gels and used for
polyclonal antibody generation (Cocalico Bio. Inc.). Anti-peptide antibodies against PioA and a
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polyclonal antibody against PioB were generated by GenScript Inc. Two 14 aa long C-terminal
peptides of PioA, ‘RNIKSGKVTPQGKM’ (294-307 aa) and ‘GGREKGGIRSFRPT’ (324-337 aa)
were used for anti-peptide antibody production. A 169 aa C-terminus region of PioB (542-810aa)
was synthesized (GenScript Inc.) and used for polyclonal antibody production.

2.8.6 Heme Stains and Immunoblots
Heme stains were performed as previously described (37). Protein samples were resolved
by 12% (w/v) sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS-PAGE) before
heme staining or immunoblots. All membrane fractions of TIE-1 were heated to 90oC for 3 min
before loading on to SDS-PAGE, unless noted otherwise in the text. In immunoblots, proteins were
probed with the following antibodies: anti-PioAN (1/2,000); anti-PioAC (1/1,000); anti-PioB
(1/500) and Protein A peroxidase (Sigma-Aldrich) was used a secondary label, and the Immobilon
Western Chemiluminescent HRP Substrate (Millipore) was used for signal detection. Imaging was
performed with LI-COR Odyssey Fc (LI-COR Biosciences). Near equal loading of total protein
was assessed by Coomassie Blue staining. All the heme stain blots were washed with stripping
buffer and confirmed for no signal for heme before they were used for immunoblots. Coomassie
stained protein bands were identified by mass spectrometry at Proteomics and Mass Spectrometry
facility, Donald Danforth Plant Science Center (DDPSC).
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2.8.7 RNA preparation and RT-qPCR
R. palustris TIE-1 cultures were sampled in an anaerobic chamber and immediately mixed
1:1 with RNAlater (Qiagen, USA) and incubated for 5 min at room temperature. The cells were
harvested by centrifugation (10,000 x g for 5 min) and stored at -80oC. RNA was extracted using
the RNeasy Mini Kit following the manufacturer’s recommendations (Qiagen, USA). Optizyme
RNAase inhibitor (Thermofisher, USA) was added and DNA removal from the sample was
performed using Turbo DNA-free Kit (Ambion, USA). PCR was performed to test the purity of
RNA samples. cDNA was synthesized from the purified RNA using the iScript™ cDNA synthesis
kit. The pioA expression analysis was performed using RT-qPCR with the comparative Ct method.
Primers for RT-qPCR (Supplementary Table 2.2) were designed using Primer3 v4.1.0
(http://primer3.ut.ee) using the programs default parameters. Primer efficiencies were measured
according to the manufacturer's recommendations. clpX and recA were used as internal standards
[15]. The Bio-Rad iTaq Universal SYBR Green Supermix and the Bio-Rad CFX Connect
Real-Time System Optics ModuleA machine (Bio-Rad Laboratories, Inc., Hercules, CA) were
used for all quantitative assays following the manufacturer’s protocols.

2.8.8 Microfluidic bioelectrochemical cell (µ-BEC) and conditions
The µ-BECs were assembled and used as previously described [14]. TIE-1 strains were
grown photoautotrophically with hydrogen to OD660 ~1. The pregrown cultures were harvested,
washed and concentrated to OD660 ~3 before injected into the µ-BEC using a FLOW EZ™ Fluigent
Microflow Controller (Le Kremlin-Bicêtre, France) with 5 kPa of 80% N2 and 20% CO2 mixed
gas. Bacterial cells were incubated in µ-BECs with working electrodes poised at +100 mV vs. SHE
under illuminated conditions with a single 50 W halogen light bulb at a distance of 25 cm to
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establish biofilms. Once a stable current density under illuminated conditions (~-100 nA cm-2) was
obtained, planktonic cells were washed out of the system with microfluidic control such that the
attached biofilms account for the observed current densities. To monitor the light dependency of
the process, a light “on-off” experiments were subsequently carried out at an interval of 10 seconds
for a total of 900 seconds. Similarly, the experiments were also performed under continuous light
for 900 seconds. The microfluidic flow was not applied during the electrochemical data collection.
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Draft Genome Sequence of a Marine
Photoferrotrophic Bacterium, Rhodovulum
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3.1 Abstract
Here, we report the draft genome sequence of Rhodovulum robiginosum DSM 12329T, an
anoxygenic phototroph isolated from a marine sediment in the North Sea (Jadebusen, Germany).
This is the first genome for a marine photoferrotrophic bacterium, and it provides a genetic basis
to understand the mechanistic underpinnings of photoferrotrophy in future studies.

3.2 Announcement
Rhodovulum robiginosum DSM 12329T is a Gram-negative purple bacterium, originally
isolated from North Sea coastal sediment (Jadebusen, Germany), with ferrous iron as the sole
electron donor for anoxygenic phototrophic growth (photoferrotrophy) [1]. The isolation,
phylogenetic analysis, and phototrophic growth characteristics of R. robiginosum DSM 12329T
have been previously published [1]. This is one of two known photoferrotrophic bacteria belonging
to the genus Rhodovulum [1]. To better understand the mechanisms underlying photoferrotrophy,
we sequenced and annotated the genome of R. robiginosum DSM 12329T.
R. robiginosum DSM 12329T was obtained from the Leibniz-Institut DSMZ GmbH and
grown anaerobically at 30°C for 5 days in 10 ml artificial seawater medium [1] supplemented with
10 mM acetate. Genomic DNA was prepared using a DNeasy blood and tissue kit following the
manufacturer’s protocol (Qiagen, Dusseldorf, Germany). Sequencing libraries were prepared with
a Nextera sample prep kit (Illumina Inc., San Diego, CA) following the manufacturer’s protocol.
Paired-end (250 bp) sequencing was carried out to 100× coverage on a MiSeq instrument using v2
sequencing chemistry (Illumina Inc., San Diego, CA). Illumina sequencing resulted in 1,974,052
reads. The raw reads were quality filtered and adaptor trimmed using Trimmomatic version 0.38
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with the default settings for paired-end reads [2]. Processed reads were de novo assembled using
SPAdes version 3.13.0 with the program’s default parameters [3]. Genome assembly yielded 51
contigs. The total genome assembly size is 3,712,677 bp with an N50 value of 182,446 and a GC
content of 67.5%. Functional analysis was performed using the Rapid Annotations using
Subsystems Technology (RAST) server [4, 5] version 2.0 (http://rast.nmpdr.org/rast.cgi) via the
RASTtk pipeline with the default settings [6]. Sequences were annotated using the NCBI
Prokaryotic Genome Annotation Pipeline (PGAP) [7].
NCBI PGAP identified a total of 3,653 genes, 3,557 protein-coding genes, 47 pseudogenes,
and 43 tRNAs. Based on the RAST functional annotation, the genome includes genes for
respiration, photosynthesis, nitrogen fixation, and the metabolism of aromatic compounds. The
annotated genome encodes photosystem II and various reductases involved in anaerobic
respiration, such as nitrate reductase and tetrathionate reductase. The genome also encodes a
complete set of genes required for the assembly of [NiFe] hydrogenase. Genes encoding a putative
type II protein secretion system, a type IV protein secretion system, an AttEFGH ABC transport
system, and systems for cytoplasmic protein-translocation are found in the genome. The genome
also contains a complete set of genes for cytochrome c maturation system I (CcmABCDEFGH).
Heme containing cytochrome c proteins are known to be involved in photoferrotrophy in
related bacteria [8, 9]. Genomewide searches for cytochrome c proteins containing the
characteristic heme-binding motif (CXXCH) in the PGAP annotations yielded 40 proteins. This
includes 30 monoheme, 8 diheme, 1 triheme, and 1 octaheme c-type cytochromes. This annotated
genome sets the stage for future genetic studies of photoferrotrophy in R. robiginosum DSM
12329T and improves our understanding of photoferrotrophic marine bacteria.
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Data availability
This whole-genome shotgun project has been deposited in GenBank under the accession
number RWGU00000000. Raw sequencing reads have been deposited in the NCBI Sequence Read
Archive (SRA) under the accession number SRR8282973.
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4.1 Abstract
Anoxygenic phototrophs fix carbon dioxide (CO2) using the energy of sunlight and
electrons derived from both soluble and insoluble electron donors. Certain phototrophs can use
poised electrodes as their electron donors for CO2 fixation via a process called phototrophic
extracellular electron uptake (phototrophic EEU). Recent studies have advanced our understanding
of the molecular and bioenergetic underpinnings of phototrophic EEU in freshwater bacteria.
However, this knowledge is lacking for widely distributed marine phototrophs. Here, we show that
a marine phototrophic bacterium, Rhodovulum sulfidophilum AB26 (AB26) can use ferrous iron
and poised electrodes to support photoautotrophic growth. To drive phototrophic EEU, AB26 can
accept electrons from electrodes poised over a range of electrochemical potentials that mimic the
midpoint potentials of minerals abundant in marine settings such as mixed-valence iron minerals,
iron-sulfur minerals, and elemental sulfur. We also show electrons from electrodes enter the
photosynthetic electron transport chain and phototrophic EEU leads to an upregulation of carbon
fixation and carbon storage pathways. This observation is consistent with the hypothesis that
phototrophic EEU is linked to carbon dioxide fixation in AB26. Based on comparative genomics,
transcriptomics, and proteomics analyses, we suggest that AB26 uses an extracellular electron
transfer mechanism that is different from freshwater phototrophs like Rhodopseudomonas
palustris TIE-1. Overall, this study shows that EEU is conserved in marine phototrophic bacteria.
This discovery may have broad implications for carbon cycling in marine ecosystems.
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4.2 Introduction
Anoxygenic phototrophs use an array of chemically diverse compounds as their electron
donors for carbon dioxide (CO2) fixation. These include both soluble/gaseous substances [such as
hydrogen (H2), hydrogen sulfide (H2S), thiosulfate (S2O32-), ferrous iron (Fe(II))] and
insoluble/solid-phase substances such as rust (mixed-valent iron minerals) [1-3], sulfide minerals
[4, 5] or elemental sulfur [6, 7]. When anoxygenic phototrophs use Fe(II) (either in soluble or
mineral forms) as an electron donor for photosynthesis, this process is called photoferrotrophy [8].
This metabolism is considered to be one of the most ancient photoautotrophic metabolisms on
Earth [9]. Photoferrotrophy is suggested as a primary metabolism responsible for early marine
productivity [10] that might have led to the deposition of the Archean banded iron formations
(BIFs) [8, 11-14]. Intriguingly, phototrophs can also utilize poised electrodes as their sole electron
donor via a mechanism called phototrophic extracellular electron uptake (phototrophic EEU) [1518].

Freshwater

photoferrotrophs

such

as

Rhodopseudomonas

palustris

TIE-1

and

Rhodomicrobium vannielii are known to perform phototrophic EEU [16, 17], and both
photoferrotrophy and phototrophic EEU have been shown to be underpinned by the same
molecular mechanism [17]. Although marine photoferrotrophs have been studied for decades [19],
their phototrophic EEU-capability is largely unknown. Consequently, the ecological and
evolutionary role of phototrophic EEU in marine ecosystems remains obscure.
Microbial capability to use redox-active minerals is usually studied in bioelectrochemical
systems (BESs), wherein a poised electrode (used as a proxy for natural minerals) can operate as
an electron donor or acceptor for microbial metabolisms [15, 20, 21]. The use of these experimental
systems has identified several microbes capable of extracellular electron transfer/uptake, and has
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improved our understanding of their abundance in natural environments [22]. Phototrophic EEU
has been studied using both bulk BESs, [15, 16, 18] and microfluidic bioelectrochemical cells (μBECs) [16, 17].
Anoxygenic phototrophs are broadly distributed in marine ecosystems, however, their
capability to use insoluble/solid-phase electron donors, and whether this process could be linked
to CO2 fixation has not been explored in detail. Insoluble/solid-phase electron donors such as iron
or iron-sulfur minerals are abundant in marine sediments [20, 23, 24]. Furthermore, environmental
studies have shown that electron uptake from insoluble/solid-phase substances is utilized by
marine chemoautotrophs to support primary productivity [22]. Whether phototrophic EEU is also
conserved among marine phototrophs is critical to improve our understanding of global
biogeochemical cycles, the microbial ecology of marine environments, and microbial evolution.
Here, we use biochemical, electrochemical, genetic, and systems biology approaches to
investigate the capability of a marine anoxygenic phototroph we isolated, Rhodovulum
sulfidophilum AB26 [25], to perform photoferrotrophy and phototrophic EEU. We show that
AB26 can use both ferrous iron and poised electrodes as electron donors. Phototrophic EEU by
AB26 can be carried out over a range of redox potentials (-200 mV and +100 mV) consistent with
iron and iron-sulfur minerals. Furthermore, using physiological studies we show that electrons
from poised electrodes enter the photosynthetic electron transport chain (pETC). Transcriptomic
data suggests reducing equivalents generated from phototrophic EEU are likely utilized to fix CO2
via the Calvin-Benson-Bassham (CBB) cycle. Moreover, data from genomic, transcriptomic, and
proteomic studies suggest a novel extracellular electron transfer pathway could be involved in
photoferrotrophy and phototrophic EEU by AB26.
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4.3 Results
4.3.1 AB26 grows by photoferrotrophy
R. sulfidophilum AB26 (AB26) is a Gram-negative purple nonsulfur bacterium that was
isolated from the Trunk River estuary in Woods Hole, MA [25]. We recently reported its draft
genome and 16S rRNA phylogenetic analysis [25]. To characterize the general metabolic
capabilities of AB26, we cultured it under various growth conditions. Similar to other purple
nonsulfur bacteria, AB26 is extensively metabolically versatile. It can grow aerobically in the dark
as a chemoheterotroph (Td (doubling time) = 5.3 ± 0.2 hours), or anaerobically in the light as a
photoheterotroph using acetate as an electron donor (Td = 13 ± 1.1 hours) or as a photoautotroph
using thiosulfate (Td = 15 ± 0.8 hours) and H2 (Td = 11 ± 0.8 hours) as electron donors. (Figure
4.1a, Supplementary Table 4.1).
We examined whether AB26 had the ability to oxidize Fe(II), and whether it could use
Fe(II) as its sole electron donor for cellular growth, using previously described methods [17, 26,
27]. Photoautotrophically grown AB26 cells with hydrogen were used as inoculum for these
experiments. We observed notable iron oxidation activity for AB26 compared to abiotic controls
in cell suspension assays (Figure 4.1b). To investigate whether Fe(II) oxidation contributes to
autotrophic growth, we performed physiological growth experiments using Fe(II) as the sole
electron donor. We observed that AB26 oxidizes Fe(II) with a corresponding increase in cell
density (OD660) (Figure 4.1c and d). Consistent with this, an increase in total protein content at Tf
(final time point) compared to T0 (initial time point) was also observed (Supplementary Figure
4.1). Cellular growth was not observed in biological controls that were incubated without Fe(II) or
cultivated in the absence of light (Supplementary Figure 4.1). Furthermore, using environmental
118

scanning electron microscopy (ESEM) coupled with energy-dispersive X-ray spectroscopy (EDS),
we observed AB26 cells were associated with iron oxides at the end of incubations (Figure 4.1e
and f). Moreover, this result suggests that AB26 can precipitate soluble ferrous iron to structural
iron oxides. Together, these results highlight the metabolic versatility of AB26, and suggest that it
can utilize Fe(II) as an electron donor for photosynthetic growth i.e. photoferrotrophy.
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Figure 4.1. AB26 grows by photoferrotrophy. (a) Chemoheterotrophic growth in marine broth
(MB) medium aerobically in the dark, photoheterotrophic growth with acetate as the electron
donor, and photoautotrophic growth with thiosulfate or hydrogen as the electron donor. Error bars
are means ± standard deviations of three biological replicates. (b) Fe(II) oxidation by AB26 in cell
suspension assays. Error bars represent means ± standard deviations of three biological replicates
assayed in duplicate. Fe(II) oxidation (c) and growth determined as OD660 (d) during
photoferrotrophy. Error bars are means ± standard deviations of three biological replicates. No cell
and heat-killed controls are shown. Scanning electron micrograph (e) and EDS (Energy-dispersive
X-ray spectroscopy) spectrum of cell associated iron oxides indicated by red square in figure E (f)
of photoferrotrophically grown AB26.
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4.3.2 AB26 accepts electrons from a poised electrode
Since the discovery of metal-reducing bacteria, microbe-mineral interactions have been
shown to play an important role in biogeochemical cycling in marine sediments and subsurface
marine environments [11]. Recently, freshwater photoferrotrophs such as R. palustris TIE-1 and
Rhodomicrobium vanielii have been shown to perform phototrophic EEU using electrodes poised
at the midpoint potential of insoluble iron minerals [15-17]. This suggests that photoferrotrophs
may have a broader role in iron and carbon cycling in aquatic ecosystems. Additionally, recent
evidence suggests that EEU processes are prevalent among sulfur-oxidizing marine
chemoautotrophs [28-30]. A fundamental knowledge gap is whether marine phototrophic bacteria
can also access insoluble/solid-phase substances as electron donors.
To investigate this question, we cultivated AB26 photoautotrophically in artificial seawater
media on poised ITO (Indium tin oxide)-electrodes in bioelectrochemical systems (BESs). BESs
mimic microbial interactions with insoluble minerals, wherein an electrode can operate as an
electron donor for microbial metabolism [8, 17]. Photoferrotrophs have previously been shown to
accept electrons from electrodes poised at the midpoint potential of insoluble iron minerals (~+100
mV) [15]. To assess whether AB26 can also accept electrons at this potential, we poised electrodes
at +100 mV vs. Standard Hydrogen Electrode (SHE). We observed current uptake (in terms of
current density) under phototrophic conditions (~-13.4 ± 0.5 nA cm-2) compared to abiotic controls
(Figure 4.2a, Supplementary Table 4.2). The level of current density we observed at +100 mV is
on the order of magnitude lower than that observed for the freshwater photoferrotroph R. palustris
TIE-1 [16].
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Figure 4.2. AB26 performs phototrophic extracellular electron uptake. (a) Electron uptake
(represented as current density) by WT AB26 compared to abiotic controls in the BES under
illuminated condition. Data shown are representative of three experiments. (b) Cyclic
voltammograms (CV) after 108 hours of electrochemical incubations compared to an abiotic
control at -200 mV versus, SHE. (c) LIVE/DEAD staining of the ITO-electrode after
electrochemical incubation in BES at -200 mV versus SHE. Green indicates live cells. (d) Electron
uptake by WT AB26 at -200 mV versus SHE in the µ-BEC under light-dark cycle (shaded region)
compared to abiotic controls. Data shown are representative of three experiments. For source data
refer to Supplementary Table 4.2.

The presence of a high concentration of sulfate (28 mM) in marine ecosystems favors the
formation of iron sulfide minerals such as troilite (FeS) and pyrite (FeS2) which likely limits the
availability of soluble Fe(II) as an electron donor [31, 32]. Iron-sulfide minerals generally have
lower redox potentials than soluble iron (redox potential of FeS ≤ HS-) [33]. Also, sea sediments
contain elemental sulfur (S0/H2S, E = -180 mV) that can be used as an electron donor by
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anoxygenic phototrophs [11]. To examine whether AB26 has the ability to take up electrons at or
near midpoint potentials of these redox-active insoluble/solid phase electron donors, we tested the
capability of AB26 to accept electrons from ITO electrodes poised at -200 mV vs. SHE. This redox
potential is much higher than that required for electrochemical hydrogen production (E0, H+/H2 =
−410 mV). At -200 mV, we observed current densities of ~-16.8 ± 0.6 nA cm-2 compared to abiotic
controls (Figure 4.2a, Supplementary Table 4.2). This is ~25% higher than current densities
observed at +100 mV.
Cyclic voltammetry (CV) of the electrodes at both +100 mV (Supplementary Figure 4.2)
and -200 mV (Figure 4.2a) show an enrichment of two distinct cathodic peaks at -50 mV and -430
mV, compared to abiotic controls (Figure 4.2b, Supplementary Figure 4.2b). This suggests the
presence of redox-active components in the system. Consistent with current density measurements,
CV peaks are also higher for electrodes poised at -200 mV. To assess whether cells were attached
to poised electrodes, we performed scanning electron microscopy (SEM) and confocal
fluorescence microscopy with LIVE/DEAD staining (Figure 4.2c). SEM revealed that poised
electrodes were colonized by microbial cells. Confocal fluorescence microscopy showed the
presence of viable cells attached to electrodes suggesting AB26 can utilize poised electrodes for
cellular survival. Together, these results suggest that AB26 can take up electrons from electrodes
poised over a wide range of potentials that mimic the redox potential of the naturally abundant
iron minerals.
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4.3.3 Photosynthetic electron transport is required for EEU
Studies of photoferrotrophic bacteria, such as R. palustris TIE-1, suggest that EEU is used
to drive the production of cellular reducing equivalents via the photosynthetic electron transport
chain (pETC) [16]. To investigate whether EEU is linked to photosynthetic electron transfer in
AB26, we performed physiological experiments using well-characterized inhibitors. To perform
these studies, we used a modified μ-BEC (microfluidic bioelectrochemical cell) [16]. The benefit
of the μ-BEC is that it enables electrochemical measurements of solely surface-attached cells,
while allowing us to study the attached cells using multi-modal microscopy. This allows us to
decouple the contribution of planktonic cells, extracellular enzymes, and abiotic reactions from
those occurring in biofilms at the electrode surface [15, 16, 34, 35].
The µ-BEC used in this study is a twelve-chamber, three-electrode, small-volume system,
which is an upgraded microfabricated version of a µ-BEC we have previously described [16]
(Supplementary Figure 4.3) (see Methods section for a complete description of the µ-BEC). This
technological advance increases both throughput, decreases issues like leakage, electrode loss, and
streamlines the process for large-scale production of these devices. Photoautotrophically grown
cells with hydrogen were inoculated into µ-BECs that were held under constant illumination. Once
stable current densities were established in the µ-BECs, the planktonic cells were washed out of
the system with microfluidic control. We observed current densities of ~-31.2 ± 0.7 nA cm-2 at
+100 mV (Supplementary Figure 4.2c) and ~-30.2 ± 0.1 nA cm-2 at -200 mV (Figure 4.2d).
Interestingly, the observed current densities at both potentials are almost the same in the µ-BECs.

To determine whether electron flow during EEU is linked to photosynthesis in AB26, we
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selectively inhibited key steps in cyclic pETC using a chemical probe-based approach we have
described previously [16]. Here, we employed total four specific chemical inhibitors. AB26 and
related anoxygenic phototrophs encode photosystem II and use cyclic photosynthesis to generate
cellular energy [25, 36] (Figure 4.3). The non-excited state of the photosynthetic reaction center
(P870) is activated by light to its excited state (P870*), which reduces quinones. Reduced quinone
then transfers electrons to the proton-translocating cytochrome bc1 [37]. Electrons are then
transferred to cytochrome c2 and cycled back to the reaction center [36]. This electron flow through
the pETC generates a proton gradient across the membrane that is required to generate ATP, as
well as NAD(P)H through reverse electron flow [16, 36, 38, 39].
To test whether electrons are reaching the photosynthetic reaction center (RC), we first
exposed AB26 to terbutryn (2-tert-butylamino-4-ethylamino6-methylthio-1,3,5-triazine) (Figure
4.3a and Supplementary Figure 4.4a). Terbutryn is an herbicide of the triazine class that competes
with the native electron acceptor plastoquinone for binding at the QB site. Its activity blocks
electron transfer from QA to QB in RCs of purple bacteria, cyanobacteria and higher plants [4046]. We observed an ~80% decrease in current uptake under illuminated conditions upon terbutryn
treatment compared to untreated controls at -200 mV (-7.3 ± 0.08) (Figure 4.3a, Supplementary
Table 4.3). A similar decrease in electron uptake for terbutryn-treated AB26 cells was observed at
+100 mV (-6.2 ± 0.9) (Supplementary Figure 4.4a, Supplementary Table 4.4). No difference in
current densities were observed between treated and untreated controls under dark conditions
(Figure 4.3a). These results demonstrate that the photosynthetic reaction center of AB26 is critical
for phototrophic EEU.

125

126

Figure 4.3. Photosynthetic electron transfer is required for extracellular electron uptake.
Electron uptake (represented as current density) by WT AB26 in the μ-BES under a light-dark
cycle (shaded region) with (red) and without (blue) exposure to photosynthetic ETC (pETC)
inhibitors, (a) terbutryn, (b) carbonyl cyanide m-chlorophenyl hydrazine (CCCP), (c) rotenone,
and (d) antimycin A, respectively. The electrode was poised at -200 mV versus SHE in these
experiments. Data shown are representative of three experiments. The site of inhibition in the
electron path of pETC is indicated by a red halo. P870 (photosystem), P870* (excited photosystem),
UQ (ubiquinone), bc1 (cytochrome bc1), C2 (cytochrome C2), NADH-DH (NADH
dehydrogenase), Δp (proton gradient), H+ (protons), hν (light), ? (currently unknown), PMF
(proton motive force) and ATP (adenosine triphosphate). For source data refer to Supplementary
Table 4.3.

Cyclic electron flow by the pETC generates a proton gradient or proton motive force (PMF)
that is necessary to drive ATP production in anoxygenic phototrophs [36]. To investigate whether
a proton gradient is important for EEU, we treated biofilms with carbonyl cyanide m-chlorophenyl
hydrazine (CCCP) (Figure 4.3b, Supplementary Figure 4.4b). CCCP is a protonophore that
dissipates the proton gradient and uncouples it from ATP synthesis [16, 36, 47]. We observed
~80% and ~90% decrease in current densities under illuminated conditions upon CCCP treatment
compared to untreated controls at -200 mV (-5.9 ± 0.1) (Figure 4.3b, Supplementary Table 4.3)
and +100 mV (-3.3 ± 0.1) (Supplementary Figure 4.4b and Supplementary Table 4.4), respectively.
Similar to terbutryn treatment, CCCP treatment had no effect on current density under dark
conditions (Figure 4.3b). These results demonstrate that the establishment of a proton gradient
across the inner membrane is important for phototrophic EEU in AB26.
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The energy-transducing (proton-translocating) NADH dehydrogenase (complex I)
generates a PMF for ATP production by oxidizing NADH. NADH dehydrogenase can also
dissipate the PMF to couple electrons from the ubiquinone pool to NAD+ reduction using a process
called reverse electron flow [16, 38, 39]. The reversible activity of NADH dehydrogenase plays
important role in redox homeostasis and carbon metabolism in anoxygenic phototrophs [48]. To
determine whether NADH dehydrogenase is important for EEU in AB26, we treated biofilms with
the NADH dehydrogenase inhibitor rotenone [49]. Rotenone works by blocking electron transfer
from the iron-sulfur clusters in NADH dehydrogenase to ubiquinone [50] (Figure 4.3c). We
observed a ~70% decrease in current uptake in rotenone-treated biofilms under illuminated
conditions compared to untreated controls at both -200 mV (-9.9 ± 0.05) (Figure 4.3c,
Supplementary Table 4.3) and +100 mV (-9.2 ± 0.07) (Supplementary Figure 4.4c, Supplementary
Table 4.4). These results suggest that electrons are cycled to NADH dehydrogenase and may be
important for the generation of cellular reducing equivalents.
The proton-translocating cytochrome bc1 is a key component of the pETC. To investigate
whether cytochrome bc1 has a role in EEU, we treated AB26 with antimycin A, a specific inhibitor
of cytochrome bc1 [51] (Figure 4.3d). Antimycin A is a quinone analog that disrupts the proton
motive Q cycle by blocking the Qi site of cytochrome bc1. This inhibits electron transfer from
ubiquinol to cytochrome b [37, 51]. We observed a ~25% decrease in current uptake for antimycin
A treated biofilms compared to untreated controls under illuminated conditions at both -200 mV
(-22.2 ± 0.1) (Figure 4.3d, Supplementary Table 4.3) and +100 mV (-23.3 ± 1.3) (Supplementary
Figure 4.4d, Supplementary Table 4.4). Notably, the magnitude of the decrease in current uptake
increases in each consecutive light-dark cycle (Figure 4.3d). These results indicate that cytochrome
bc1 is important for phototrophic EEU.
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The decrease in current uptake observed upon antimycin A treatment is lower compared to
all other inhibitor treatments (Figure 4.3a-c, Supplementary Figure 4.4a-c). This result could
suggest that electrons from EEU enter the pETC downstream of cytochrome bc1. Because of the
partial lowering in current uptake with cytochrome bc1 inhibition (Figure 4.3d, Supplementary
Figure 4.4d), we hypothesized that AB26 is likely shuttling electrons to alternative ubiquinol
oxidase pathways when cytochrome bc1 is inhibited. It is plausible that electrons from the reduced
quinone pool are consumed through an alternative ubiquinol oxidase, escaping antimycin Ainhibited cytochrome bc1 [37]. The AB26 genome contains potential respiratory pathways
including a cbb3-type cytochrome c oxidase (BV509_18680-BV509_18695) and a cytochrome bd
respiratory complex (BV509_19445-BV509_19455). These oxidases are typically found in purple
nonsulfur bacteria related to AB26 and are important terminal oxidases in oxygen-limited
environments [52, 53]. AB26 also encodes a putative formate dehydrogenase (BV509_15145BV509_15165). Together, these ubiquinol oxidases could serve as electron sinks under
cytochrome bc1 inhibition. It is also worth noting that DMSO was used as the solvent for antimycin
A in electrochemical experiments. DMSO reductase could also serve as an alternative ubiquinol
oxidase when cytochrome bc1 is inhibited [37]. However, we observed that DMSO does not affect
current uptake by AB26 (Supplementary Figure 4.5 and Supplementary Table 4.5) and that the
genome of AB26 does not contain homologs of DMSO/TMAO reductases.

4.3.4 Photosynthetic carbon fixation genes are upregulated during EEU
CO2 fixation is an important electron sink in anoxygenic phototrophs. In the freshwater
photoferrotroph R. palustris TIE-1, CO2 fixation via the Calvin-Benson-Bassham (CBB) cycle is
the primary electron sink for phototrophic EEU [16]. Previous studies have also shown that an
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upregulation of CBB cycle genes, including form I ruBisCO, are correlated with phototrophic EEU
[15, 16]. Ribulose-1,5-bisphosate carboxylase/oxygenase (ruBisCO) is the key enzyme in the CBB
cycle that catalyzes the CO2 fixation reaction. Similar to related purple nonsulfur bacteria,
ruBisCO is encoded in two distinct forms (form I and II) in the genome of AB26 (Supplementary
Table 4.6).
To identify potential electron sinks of phototrophic EEU in AB26, we performed genome
wide transcriptomic analysis. We observed an upregulation of form I ruBisCO during EEU, but
not form II ruBisCO (~2-fold; P < 0.05) (Figure 4.4a). Each ruBisCO gene is adjacent to a
divergently transcribed LysR-family transcriptional regulator, CbbR [54] (BV509_05530 and
BV509_15210). We observed that the cbbR homolog adjacent to form I ruBisCO is expressed at
its highest during EEU, even when compared to other phototrophic growth conditions (Figure
4.4a). CbbR is known to activate the transcription of form I ruBisCO in related bacteria in response
to the redox, energy, and carbon status of the cell [55-57].
Many microbes synthesize intracellular and/or extracellular carbon storage molecules for
survival under organic carbon-limiting conditions. These include the intracellular carbon polymers
polyhydroxybutyrate (PHB) and glycogen, as well as EPS [58-61]. To determine if AB26
synthesizes and/or utilizes carbon reserves during EEU we identified pathways encoding PHB,
glycogen, and EPS biosynthesis in the AB26 genome and determined their expression. The PHB
biosynthesis genes, including a PhaC homolog responsible for PHB polymerization, were
expressed

but

typically

downregulated

during

EEU

(Figure

4.4b).

However,

a

polyhydroxyalkanoate synthesis repressor phaR homolog (BV509_06285) and a PHA
depolymerase phaZ homolog (BV509_06270) were upregulated during EEU (Figure 4.4b).
Furthermore, a phasin-domain containing protein was highly upregulated during EEU (~4-fold; P
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< 0.0001) (Figure 4.4b). Phasins localize to the surface of PHB granules and are synthesized under
conditions permissive for PHB production [62]. Lastly, the glycogen biosynthesis pathway is
encoded by an ADP-glucose pyrophosphorylase homolog (GlgC: BV509_13230), which is
responsible for catalyzing the first step in the pathway [60]. This gene cluster also contains the
glycogen synthetase (GlgA: BV509_13225), the branching enzyme (GlgB: BV509_13235), and
the enzymes involved in glycogen degradation, including the glycogen debranching enzyme GlgX
(BV509_13220) and the glycogen phosphorylase GlgP2 (BV509_13240). The glycogen
biosynthesis pathway is expressed at low levels under all phototrophic growth conditions (Figure
4.4b).

Figure 4.4. Expression analysis of carbon fixation and storage pathways. (a) Expression
analysis of genes encoding the Calvin-Benson-Bassham cycle and (b) potential carbon storage
pathways in the genome. RuBP (Ribulose 1,5-bisphosphate), 1,3 BPG (1,3-bisphosphoglycerate),
G3P (Glyceraldehyde 3- phosphate), FBP (Fructose 1,6-bisphosphate), F6P (Fructose 6phosphate), X5P (Xylulose 5-phosphate), Ru5P (Ribulose 5-phosphate) and R5P (Ribose 5phosphate). Source data (and reactions not mentioned in text) are provided as a Source Data File.
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To better understand the transcriptional changes that occur during phototrophic EEU, we
compared their expression to cells grown photoautotrophically with hydrogen (i.e. the inoculum).
Among the upregulated genes, we interestingly observed a gene operon that encodes a formate
dehydrogenase complex (BV509_15145-BV509_15165). All five genes of this operon were
highly upregulated (~4-fold; P < 0.0001) (Supplementary Table 4.7). These genes show high
similarity with genes in the fdsGBACD operon that encodes for the cytoplasmic molybdenumcontaining formate dehydrogenases in Rhodobacter species (Supplementary Figure 4.6). We also
observed the upregulation of a gene operon (BV509_18680-BV18695) encoding a cbb3-type
oxidase (~2-3.5-fold; P < 0.0001). Together, these results show that alternative ubiquinone
oxidases are expressed during phototrophic EEU. The activity of these enzymes might explain the
partial decrease in EEU upon cytochrome bc1 inhibition.
Notably, a Mar Family transcriptional regulator (BV509_01095) was also found among
the highly upregulated genes under phototrophic EEU compared to hydrogen growth (~6-fold; P
< 0.0001) (Supplementary Table 4.7). Overexpression of the Mar family transcriptional regulator
is generally observed under different cellular stress conditions. This might be due to the highly
reducing cellular environment during phototrophic EEU. Upregulation of cytochrome c
peroxidases is a common cellular response to such stress in bacteria [63]. Consistent with this, we
also observed upregulation of cytochrome c peroxidases (BV509_14915, ~6-fold; P < 0.0001)
under phototrophic EEU (Supplementary Table 4.7).
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4.3.5 AB26 uses a different mechanism of photoferrotrophy and phototrophic
EEU
Microbes exchange electrons with extracellular insoluble/solid-phase electron donors and
acceptors via both direct and indirect means. They use distinct electron transfer pathways such as
porin-cytochrome c-mediated pathways [17, 64, 65], nanowires [66, 67], and multicellular
filaments [68] for direct extracellular electron exchange. Microbes can also secrete small redox
active metabolites, such as flavins and phenazines, for indirect extracellular electron transfer [69,
70]. Additionally, extracellular DNA (eDNA) has been shown to facilitate extracellular electron
transfer in Pseudomonas aeruginosa [71]. Extracellular electron transfer pathways typically
involve c-type cytochromes [72] or iron-sulfur cluster containing electron transfer proteins to
mediate iron oxidation [73, 74] and/or EEU [75]. To better understand the underlying extracellular
electron transfer mechanisms in AB26, we analyzed the annotated genome of AB26 for the
presence of potential electron transfer proteins, specifically cytochrome c and iron-sulfur proteins.
Cytochrome c proteins ranging from monoheme (Cyc2), diheme (FoxE), and decaheme
(PioA/MtoA) have been implicated in EEU [22, 72]. The AB26 genome encodes several putative
cytochrome c and iron-sulfur proteins (Supplementary Tables 4.8 and 4.9). However, its genome
does not encode homologs of electron transfer proteins that have been characterized in iron
oxidation/reduction [76] and/or extracellular electron transfer pathways [22, 72]. We identified a
total of forty putative cytochrome c-like proteins utilizing the signature CXXCH motif (heme
binding site) as a query [77] (Supplementary Table 4.8). Only twenty-two of these putative
proteins are predicted to contain Sec signal peptides or transmembrane helices by PredTat [78].
Many of these proteins are homologs of well-characterized c-type cytochromes such as those
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involved in sulfur oxidation (soxA, soxX) [79], cellular detoxification (cytochrome c peroxidase
family) [80], or respiratory electron transfer (cytochrome cbb3-type and cytochrome bd).
We next investigated the expression of all putative electron transfer proteins we identified
using differential expression analysis. We observed an upregulation of at least five putative c-type
cytochromes with a log2-fold increase of >2. This included subunits of a putative cbb3-type oxidase
(BV509_18680, ~2-fold; P < 0.0001 and BV509_18690, ~3-fold; P < 0.0001), one cytochrome c
peroxidases (BV509_14915, ~6-fold; P < 0.0001), and two monoheme cytochrome c proteins
(BV509_18570, ~2-fold; P < 0.0001 and BV509_04560, ~2-fold; P < 0.0001). In addition, we
identified 13 genes encoding putative iron-sulfur proteins in the genome of AB26 (Supplementary
Table 4.9). Among them, we observed EEU-specific upregulation of BV509_04265 (2-fold; P <
0.001), a hypothetical protein. However, the iron-sulfur proteins we identified in AB26 do not
share significant sequence homology to those that are proposed to function in extracellular electron
transfer and/or iron oxidation [75].
Rhodovulum sulfidophilum strains are known to produce GTAs (gene transfer agents) and
secrete large quantities of extracellular DNA (eDNA) into culture media [81-84]. GTA and eDNA
production requires the expression of the response regulator CtrA [85, 86]. Although, the AB26
genome contains a homologous gene cluster (BV509_08030-BV509_08110) that has been
characterized to produce GTA particles [85, 87], these genes were not upregulated during
phototrophic EEU. Consistently, the ctrA homolog (BV509_11790, ~-2-fold; P < 0.0001) was also
found to be downregulated. Whether eDNA mediated electron transfer plays a role in EEU requires
further investigation. Furthermore, we also searched for the presence of biosynthetic clusters for
secondary metabolites in the AB26 genome by antiSMASH [88]. Total of five potential
biosynthetic clusters were predicted (Supplementary Table 4.10). Among them, only h-serine L134

lactone, an autoinducer which is used by bacteria for quorum sensing, has been implicated in
extracellular electron transfer [89]. However, we did not observe upregulation of these secondary
metabolite genes in AB26 under phototrophic EEU condition.
Because AB26 contains multiple cytochrome c and extracellular electron transfer pathways
studied thus far require cytochrome c proteins to facilitate electron transfer across the outer
membrane in these Gram-negative bacteria [22, 72], we further investigated cytochrome c proteins
in AB26 under photoferrotrophy and phototrophic EEU conditions. We identified cytochrome c
proteins enriched under these conditions using differential protein mass spectrometry. For this
analysis, we compared total protein in cells grown either by photoferrotrophy or phototrophic EEU
to cells grown photoautotrophically with hydrogen (Figure 4.5). The enriched cytochrome c
proteins in the soluble and the membrane fractions were identified using heme staining. We
observed at least three heme-stainable protein bands that were enriched both in cells grown under
photoferrotrophy and phototrophic EEU, compared to hydrogen-grown cells (Figure 4.5). Mass
spectrometry analysis of these heme bands identified multiple putative cytochrome c proteins
(Table 4.1). Based on the abundance and the molecular size of the heme stainable bands, we
identified two top hits: a putative diheme (BV509_10070) and a triheme (BV509_00325)
cytochrome c. BV509_00325 has 94% identity to a well-characterized photosynthetic reaction
center cytochrome c subunit PufC [90]. BV509_10070 is a hypothetical protein that is conserved
among Rhodovulum species and has homologs in related bacteria.
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Figure 4.5. Cytochrome c proteins are upregulated under photoferrotrophy and
phototrophic EEU. Coomassie and Heme staining of total soluble and membrane proteins of
AB26 harvested under Fe(II) oxidation (a) and phototrophic EEU (b). Asterisks represent
upregulated heme protein bands (black, 1; blue, 2; red, 3) in either Fe(II) exposed or phototrophic
EEU conditions. These heme enriched bands were analyzed by mass spectrometry (Table 4.1).
Hydrogen grown cells were the inoculum for these growth conditions and used here as a negative
control. Near equal protein-loadings were confirmed by Coomassie stain.
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We chose to characterize BV509_10070 at the genetic level mainly because of its unknown
function, and its abundance during phototrophic EEU. BV509_10070 is annotated as a 573-aminoacid (aa) diheme cytochrome c with a putative Sec signal peptide (1-20 aa). Here, we developed a
genetic system de novo in AB26 and generated a BV509_10070 deletion mutant (BV509_10070).
The

BV509_10070

AB26

mutant

had

no

growth

defects

under

either

aerobic

(chemoheterotrophic) or anaerobic phototrophic (photoheterotrophic or photoautotrophic) growth
conditions compared to the WT (Supplementary Figure 4.7, Supplementary Table 4.1). We also
did not detect a defect in Fe(II)-oxidation either in the cell suspension assays or during the
photoferrotrophy growth compared to the WT (Supplementary Figure 4.8a-c). These results
suggest that BV509_10070 is unlikely to be required for Fe(II) oxidation in AB26. However, it is
plausible that there is functional redundancy in electron transfer mechanisms. Indeed, the AB26
genome encodes multiple cytochrome c proteins. The expression and activity of redundant
enzymes could mask the phenotype expected in our single-gene deletion study. Further studies are
required to evaluate these hypotheses and to assess the role of the other cytochrome c proteins
(Table 4.1) identified in the mass spectrometry analysis.
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Table 4.1: Top hits of cytochrome c proteins identified by mass spectrometry analysis of
heme enriched bands. TM, transmembrane; Sec, Sec signal peptide. The heme enriched protein
bands shown in Figure 4.5 are indicated by numbers 1, 2 and 3. The numbers in bold represent the
heme bands with the highest abundance of respective proteins.
Locus tag

GeneBank
accession no.

Annotation

No. of
CXXCH

Signal

3

Mol.
Weight
(kDa)
39

Coverage
(%)

Present
in bands

TM

Total
spectral
count
96

1

BV509_00325

OLS42949.1

2

BV509_10070

OLS44651.1

PufC, reaction center
cyt c
Hypothetical protein

55

1,2,3

2

61

Sec

55

63

1,2,3

3

BV509_19860

OLS46380.1

Hypothetical protein

1

16

Sec

11

46

1,2,3

4

BV509_09630

OLS44568.1

SoxA

2

31

Sec

11

28

1,2,3

5

BV509_15885

OLS45679.1

Hypothetical protein

5

63

Sec

7

10

1,2,3

6

BV509_02700

OLS46558.1

Hypothetical protein

1

15

Sec

6

26

1,2

7

BV509_00825

OLS43033.1

Cytochrome c1

1

29

Sec

9

21

1,3

8

BV509_18760

OLS46189.1

Hypothetical protein

1

18

Sec

5

30

1,3

9

BV509_09615

OLS44565.1

SoxX

1

17

Sec

4

33

1

10

BV509_10185

OLS44670.1

Hypothetical protein

1

86

TM

5

5

1

11

BV509_09645

OLS44571.1

Cytochrome c

1

23

Sec

5

35

2

12

BV509_18680

OLS46174.1

2

32

TM

11

30

3

13

BV509_07760

OLS44243.1

Cyt-c oxidase, cbb
type subunit III
Cysteine desulfurase

1

46

TM

8

14

3

14

BV509_14915

OLS45498.1

Cytochrome c
peroxidase

2

37

Sec

4

15

3
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4.4 Discussion
Redox-active insoluble/solid-phase substances such as iron minerals are ubiquitous in
natural environments. Microbes that exchange electrons with these minerals play an important role
in biogeochemical cycles. Recent studies have shown that anoxygenic phototrophs can use
insoluble electron donors for CO2 fixation using a process called phototrophic extracellular
electron uptake (phototrophic EEU). The possibility and extent to which phototrophic EEU
processes contribute to primary productivity of marine ecosystems, however, is poorly understood.
To better understand this process, we isolated and characterized photoferrotrophy and phototrophic
EEU capability of a marine purple nonsulfur bacterium, Rhodovulum sulfidophilum AB26.
Studies suggest that the Gram-negative phototrophs, oxidize soluble iron extracellularly
because the product of this process is insoluble iron, which is lethal if accumulated in the periplasm
[11, 14, 65, 91]. Consistent with this, photoferrotrophs are proposed to oxidize Fe(II)
extracellularly involving an EEU process [17]. Phototrophs are also known to accept electrons
from poised electrodes, which are generally used as a proxy for natural redox-active minerals via
phototrophic EEU [15-17]. Together, these studies suggest that photoferrotrophs are likely to be
capable of EEU. In accordance with this, our data shows that R. sulfidophilum AB26 (AB26) is
capable of photosynthetic growth using both soluble Fe(II) (photoferrotrophy) (Figure 4.1) and
poised electrodes as electron donors (phototrophic EEU) (Figure 4.2). AB26 can take up electrons
from electrodes poised over a range of redox potentials (+100 mV and -200 mV) that are consistent
with the mid-point potentials of iron and iron-sulfur minerals, as well as elemental sulfur. Because
these electron donors are naturally abundant in marine ecosystems, they may contribute to primary
productivity by anoxygenic phototrophs.
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Interestingly, current densities in the µ-BECs were elevated ~2-fold compared to
measurements made in BESs. This difference in current uptake could be due to several reasons,
such as differences in cellular attachment. However, one notable difference between the two
systems is that the bulk BES contains both planktonic and electrode-attached cells, whereas the µBEC contains only electrode-attached cells. Our data on AB26 is in contrast to bioelectrochemical
studies of R. palustris TIE-1, where up to ~70% of current density can be attributed to planktonic
cells [15, 16]. However, the mechanism that enables planktonic R. palustris TIE-1 cells to take up
electrons from the electrodes remains to be elucidated [15-17].

Inhibitor studies (Figure 4.3 and Supplementary Figure 4.4) indicate that the photosynthetic
electron transport chain (pETC) is important for phototrophic EEU and that electrons are likely
utilized to reduce NAD+ via NADH dehydrogenase. Interestingly, we observed only a partial
decrease in phototrophic EEU upon inhibition of cytochrome bc1 complex. This could be due to
two reasons. First, the cytochrome bc1 in AB26 may have natural resistance to antimycin A.
Natural resistance to antimycin has been described in anoxygenic phototrophs, such as Rubrivivax
gelatinosus [92]. Antimycin resistance is generally conferred by amino acid substitutions in the
cytochrome b subunit of cytochrome bc1 (PetB) that displaces quinone from the Qi site. Sitedirected mutagenesis of the Qi sites of PetB have been previously shown to contribute to antimycin
resistance [93, 94]. Specifically, substitutions in the amino acids I49F, A55M and I254T in the Qi
pocket of PetB in R. gelatinosus compared to R. sphaeroides have been implicated in antimycin
resistance [92]. Similarly, we identified that PetB homolog (BV509_00830) in AB26 contains at
least two amino acid substitutions (A55F and I254V) [92] (Supplementary Figure 4.9). These
amino acid substitutions could be responsible for the partial antimycin A-resistance we observe in
AB26.
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An alternative hypothesis that could explain the partial decrease in current density upon
antimycin A treatment is that electrons are funneled through an alternative ubiquinol oxidase, thus
escaping antimycin-inhibited cytochrome bc1 [37]. Consistent with this hypothesis, we observed
the upregulation of a cbb3-type cytochrome c oxidase (BV509_18680-BV509_18695) and a
formate dehydrogenase (BV509_15145-BV509_15165) during phototrophic EEU compared to
hydrogen grown cells. Formate dehydrogenase has been implicated in EEU mechanisms in several
studies [34, 95, 96]. For example, extracellular formate dehydrogenase at the cathode can catalyze
CO2 reduction to formate by direct EEU [96]. Additionally, the release of formate dehydrogenase
by microbes has been proposed as an indirect mechanism of electron transfer from solid surfaces
such as F0 (in iron corrosion) and cathodes (in electrosynthesis) [34]. Furthermore, photocatalytic
reduction of CO2 to formate by formate dehydrogenase has also been observed [97].

Several autotrophic microbes such as acetogens, methanogens, and sulfur reducing bacteria
(SRB) use formate dehydrogenase for CO2 fixation [98]. The metal-containing formate
dehydrogenase of R. capsulatus is known to catalyze the reversible reduction of CO2 to formate
[99,100]. Although, formate formation from CO2 under standard conditions is thermodynamically
expensive, the presence of high NAD(P)H/NAD(P)+ and CO2/formate ratios can push the reaction
towards CO2 reduction [98]. Our bioelectrochemical incubations are carried out in sealed
containers that contain elevated CO2 levels (20 psi of 20% CO2 in the headspace and 70 mM
sodium bicarbonate in the media). Furthermore, our results suggest that ~70% of electrons may be
used to produce NADH via NADH dehydrogenase (Figure 4.3c, Supplementary Figure 4.4c).
Therefore, it is plausible that CO2 reduction through formate dehydrogenase could occur during
phototrophic EEU. Future studies will be performed to investigate the role of formate
dehydrogenase in AB26.
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Similar to the genomes of other marine photoferrotrophs, such as R. robiginosum [101],
the AB26 genome does not contain homologs of previously identified proteins that are involved
in either iron oxidation/reduction [76] or extracellular electron transfer [22, 72]. This suggests that
AB26 may utilize a different extracellular electron uptake pathway than previously characterized.
We identified several cytochrome c proteins that were enriched specifically during
photoferrotrophy and phototrophic EEU (Table 4.1). We tested the role of one such protein, a
diheme cytochrome c-like protein (BV509_10070), by developing a gene deletion mutant
(Supplementary Figures 6 and 7). Although our results from genetic studies were inconclusive
with respect to the precise mechanism of electron transfer, we were able to successfully develop a
genetic system for this newly isolated marine photoferrotroph. This will set the stage for future
genetic and molecular studies that investigate the molecular mechanism of EEU.
By using whole genome transcriptome analysis this work provides new insights into the
molecular and bioenergetic pathways that enable photoautotrophs to utilize insoluble/solid-phase
electron donors for cellular survival. This work also expands the known diversity of organisms
capable of EEU and provides a genetically-tractable bacterium for use in electrochemical and
physiological studies. Furthermore, since AB26 utilizes electrodes poised at sufficiently more
negative potentials than purple nonsulfur bacteria previously characterized, this microbe may have
utility in applications including energy storage, carbon-capture, and microbial electrosynthesis.
Future studies will characterize the EEU pathways and examine how this process is connected to
photosynthesis and CO2 fixation. Overall, our studies provide direct evidence that marine
phototrophs engage in EEU. These findings improve our understanding of the metabolic diversity
of anoxygenic phototrophs and suggest that phototrophic EEU may be an important strategy for
microbial survival and primary productivity in marine ecosystems.
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4.5 Materials and Methods
4.5.1 Microbial isolation and cultivation conditions
Rhodovulum sulfidophilum AB26 (AB26) was isolated in July 2014 from a microbial mat
in the Trunk River estuary in Woods Hole, MA. Enrichments were cultivated
photoheterotrophically in anoxic artificial seawater (SW) medium supplemented with 20 mM
acetate. Enrichments were cultivated with ∼850-nm light at 30°C and passaged six times, followed
by streaking aerobically 6 times on Bacto agar with Difco marine broth (MB) 2216 (BD Diagnostic
Systems, Sparks, MD, USA) to isolate single colonies. All growth experiments were carried out at
30°C unless otherwise noted. For aerobic chemoheterotrophic growth, AB26 strains were grown
in MB broth under dark with shaking at 200 rpm. All phototrophic (photoautotrophic and
photoheterotrophic) growth experiments were carried out anaerobically in SW media
supplemented with 70 mM sodium bicarbonate and 1 mM sodium sulfate in sealed sterile serum
bottles. The phototrophic cultures were grown without shaking under light (with a single 60W
incandescent light bulb at 25 cm). For anaerobic photoautotrophic growth, AB26 strains were
grown on hydrogen (80% H2: 20% CO2 at 50 kPa) or 10 mM sodium thiosulfate or 5 mM Fe(II)
chloride in SW medium. The photoautotrophic culture with Fe(II) contained 10 mM nitrilotriacetic
acid (NTA) to prevent iron precipitation (6). For anaerobic photoheterotrophic growth, AB26
strains were grown in SW medium with 10 mM. Headspace atmosphere of the phototrophic
cultures, except for hydrogen, consists of 80% N2 and 20% CO2. In all cases where a change in
culture medium was required, cells were washed three times in basal SW medium postcentrifugation at 5,000 x g.
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4.5.2 Cell suspension assay
The experiment was performed in an anaerobic chamber (80% N2, 15% CO2 and 5% H2,
Coy Laboratory, Grass Lake, USA) at room temperature as previously described (refs). AB26
strains were inoculated from a pre-photoautotrophic culture in SW medium with hydrogen (80%
H2: 20% CO2) and grown to an OD660 ~0.3. The cells were harvested by centrifugation (10,000 x
g for 5 min), washed three times with HEPES buffer (50 mM HEPES pH 7.0, 20 mM NaCl),
resuspended and concentrated to an OD660 ~0.9 in HEPES buffer supplemented with ~1 mM Fe(II)
and 5 mM NTA. 150 µL of the cell suspensions were aliquoted in the 96-well plate. To start the
assay, the plate was placed under a 60 W incandescent light at a distance of 25 cm. Fe(II)
measurement at the initial time point (T0) was taken before the light source was turned on. All the
Fe(II) measurements were performed using the ferrozine assay [102].

4.5.3 Bulk BES setup and conditions
Bioelectrochemical systems (BESs) were configured as previously described [16, 35]. SW
media (70 mL) was dispensed into anoxic, sterile, sealed, three-electrode BESs which were
pressurized to ~50 kPa with 80% N2: 20% CO2. The three electrodes were configured as follows:
indium tin oxide (ITO) working electrodes were 0.7 cm2; reference eletrodes (Ag/AgCl) were
submerged in 0.1 M KCl; and counter electrodes were composed of 2 cm2 platinum foil. Working
electrodes were poised using a multichannel potentionstat (Gamry Instruments, Warmister, PA).
Reactors were operated continuously with a single 60 W incandescent light bulb at 26°C.
Chronoamperometry data were collected every 60 second using the Gamry Echem Analyst
(Gamry Instruments, Warmister, PA) software package. Mid-log phase H2/CO2 grown cells were
used as inoculum for all bioelectrochemical experiments. The biomass (OD660) of inoculated BESs
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was monitored with a BugLab Handheld OD Scanner (Applikon Biotechnology, Inc., Foster City,
CA). Cyclic voltammetry (CV) was performed at the end of incubations with potential sweep from
+800 mV to -900 mV versus SHE at a scan rate of 10 mV/s.

4.5.4 Microfluidic bioelectrochemical cell (µ-BEC) and conditions
The µ-BECs were assembled and used as previously described [16]. AB26 strains were
grown photoautotrophically with hydrogen to OD660 ~1.0. The pre-grown cultures were harvested,
washed, and concentrated to OD660 ~5.5 before injected into the µ-BEC using a FLOW EZ™
Fluigent Microflow Controller (Le Kremlin-Bicêtre, France) with 5 kPa of 80% N2 and 20% CO2
mixed gas. Bacterial cells were incubated in µ-BECs with working electrodes poised at either -200
mV or +100 mV vs. SHE under illuminated conditions with a single 50 W halogen light bulb at a
distance of 25 cm to establish biofilms. Once a stable current density under illuminated conditions
(~-30 nA cm-2) was obtained, planktonic cells were washed out of the system with microfluidic
control such that the attached biofilms account for the observed current densities. To monitor the
light dependency of the process, a light “on-off” experiments were subsequently carried out at an
interval of 30 or 10 seconds for a total of 900 seconds. Similarly, the experiments were also
performed under continuous light for 900 seconds. The microfluidic flow was not applied during
the electrochemical data collection.

4.5.5 Viability staining of electrodes
ITO-electrodes were washed twice with anoxic 1X phosphate-buffered saline (PBS) to
remove unattached cells in an anaerobic chamber. The exposed ITO surface was cut in half with a
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glass cutter using sterile techniques, and immediately placed in sterile microfuge tubes containing
anoxic 1X PBS. Prior to imaging, the electrode was immersed in LIVE/DEAD stain (10 µM
SYTO 9 and 60 µM propidium iodide, L7012, Life Technologies) and incubated for 20 min in the
dark. Samples were then washed and placed in 1X phosphate-buffered saline (PBS) in a glassbottomed microwell dishes and imaged on a Nikon A1 inverted confocal microscope using 555
and 488 nm lasers and a 60X objective.

4.5.6 Scanning electron microscopy
Sample of cells from photoferrotrophy were prepared on a glass coverslip by using a few
drops of cell suspension. Samples of ITO-electrode-attached cells were prepared by cutting
electrode aseptically with glass cutter into small sections. Cells in these samples were fixed by
placing them immediately into sterile microcentrifuge tubes containing 2% formaldehyde and
2.5% glutaraldehyde in a 0.05 M sodium cacodylate buffer (pH 7.2) at a 1:1 ratio for 30 minutes
followed by sequential dehydration using varying proportions of ethanol (25%, 50%, 75%, 95%,
100%). The samples were then dried by critical point drying using EMS 850 Critical Point Drier.
Critical point dried samples were coated with gold (7 nm) using a Leica ACE 600 sputter coater.
A Thermofisher Quattro S Environmental Scanning Electron Microscopy coupled with energy
dispersive spectroscopy (ESEM/EDS) was employed for morphological and compositional
analyses of cells and iron oxide minerals.

4.5.7 Construction of ∆BV509_10070 AB26 mutant strain
To develop a BV509_10070 deletion mutant of AB26, pJP5603-DG1, a suicidal vector,
was constructed from pJP5603 [103,104] as follows. The 1 kb fragments upstream and
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downstream of BV509_10070 was PCR amplified using primers (Supplementary Table 4.11) and
gDNA from AB26. Similarly, gentamycin resistance gene along with promoter (500 upstream
region) was amplified using primers (Supplementary Table 4.11) from pJKQS200. These
fragments contain overlapping ends with each other and with the pUC-19 vector at XbaI and SacI
sites. These are assembled as 1 kb upstream of BV509_10070, gentamycin resistance gene, and 1
kb downstream of BV509_10070 into pUC-19 vector cut opened with XbaI and SacI using Gibson
Assembly Cloning Kit (New England BioLabs). After sequence confirmation of the gene deletion
cassette (1 kb upstream of BV509_10070-gentamycin resistance gene-1 kb downstream of
BV509_10070), it was transferred to suicide vector pJP5603 with XbaI and SacI digestion to
construct pJP5603-DG1. The suicide vector was conjugated to AB26 using E. coli S17-1/λpir. The
integration either upstream or downstream of BV509_10070 was selected by kanamycin and
gentamycin resistance. The integrants were grown selectively in the presence of gentamycin for 3
days and plated on MB with gentamycin. The double cross over AB26 mutants were then selected
by selecting for colonies resistant to gentamycin and sensitive to kanamycin. The ∆BV509_10070
AB26 mutants were selected by colony PCR and sequence confirmation of the PCR products
(specific to BV509_10070 and its upstream and downstream regions).

4.5.8 Fractionation and preparation of soluble and membrane fractions of
AB26
Photoautotrophically grown AB26 strains were used for fractionation. AB26 strains were
grown with hydrogen in SW medium (500-1,000 mL) to an OD660 ~1.2 before harvested by
centrifugation (10,000 x g for 30 min) at 4oC and stored at -80oC. To mimic the photoferrotrophic
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condition, AB26 strains were first grown with hydrogen in SW medium (500 mL) to an OD660 ~1
and then exposed to ~3 mM Fe(II) chloride and 6 mM NTA (Nitrilotriacetic acid) under a
headspace atmosphere of 80% N2 and 20% CO2. Cells were harvested when all Fe(II) was oxidized
(Tf = T~22h) and stored at -80oC. Cell pellets were thawed on ice for ~30 min, resuspended in Trisbuffer (20 mM Tris-HCl pH 7.2, 100 mM NaCl) supplemented with 1 mM PMSF and 1 mg/mL
egg white lysozyme, and then shaken on ice for ∼45 min. Cells were lysed by three passes at
18,000 lbf/in2 through a high-pressure homogenizer (Avestin EmulsiFlex C5, Canada). The lysates
were centrifuged (16,000 x g for 30 min) at 4oC to separate out unlysed cell and cell debris.
Supernatants were further centrifuged (100,000 x g for 45 min) at 4oC to separate out the soluble
and membrane fractions. Membrane fraction is then solubilized with 1% Triton X-100 (SigmaAldrich).

4.5.9 Heme Stains
Heme stains were performed as previously described37. Protein samples were resolved by
12% (w/v) sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS-PAGE) before heme
staining. Proteins were transferred to 0.2 μm PVDF (Trans-Blot® TurboTM, BIO-RAD).
SuperSignalTM West Femto Maximum Sensitivity Substrate (Thermo Fisher) was used for signal
detection. Imaging was performed with LI-COR Odyssey Fc (LI-COR Biosciences). Near equal
loading of total protein was assessed by Coomassie Blue staining. Coomassie stained protein bands
were identified by mass spectrometry at Proteomics and Mass Spectrometry facility, Donald
Danforth Plant Science Center (DDPSC).
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4.5.10 Screening for known iron oxidation genes
FeGenie version 1.0 (https://github.com/Arkadiy-Garber/FeGenie/) was used to screen the
genome assembly against known genes involved in iron oxidation using the program’s default
parameters [76].

4.5.11 RNA isolation
Microbial cells were sampled in an anaerobic chamber and immediately mixed 1:1 with
RNAlater (Qiagen, USA). RNA was extracted using the RNeasy Mini Kit according to the
manufacturer’s recommendations (Qiagen, USA). DNA removal was performed using Turbo
DNA-free Kit (Ambion, USA). RNA samples were tested for purity using PCR.

4.5.12 RNA sequencing (RNA-Seq) and differential expression analysis
Illumina single-end 50-bp libraries were prepared and sequenced at Washington
University’s Genome Technology Access Center on an Illumina HiSeq3000 (Illumina Inc., San
Diego, CA, USA). Reads were mapped to the AB26 genome using TopHat2 version 2.1.1 and the
gff3 annotation file as a guide for sequence alignment. Bowtie 2 version 2.3.3.1 was used to index
the reference genome FASTA file. The number of reads mapping to each feature were counted by
HTSeq version 0.9.1. Differentially expressed genes were determined in DESEQ2 version 1.16.1
using the HTSeq read counts. To determine if genes were significantly differentially expressed an
adjusted p-value cutoff of 0.05 was used.
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4.5.13 Statistical analysis
Statistical analyses (Student’s t-test, one-way ANOVA with Bonferroni adjustment) were
performed with Microsoft® Excel “Data Analysis” tools.

4.5.14 Data availability
Sequencing reads were deposited in the NCBI database under BioProject PRJNA546270.
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4.6 Supplementary Figures and Tables

Supplementary Figure 4.1. Growth of AB26 requires both Fe(II) and light. Fe (II)
concentration (a) and growth as total protein concentration (b) at T0 and TF during
photoferrotrophy. AB26 grown with no electron donor (Fe(II)) and no light serves as negative
controls. Error bars represent means ± standard deviation of four biological replicates assayed in
duplicates.
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Supplementary Figure 4.2. AB26 performs phototrophic extracellular electron uptake at
+100 mV. (a) LIVE/DEAD staining of the ITO-electrode after electrochemical incubation in BES
at +100 mV versus SHE. Green indicates live cells. (b) Cyclic voltammograms after 108 hours of
electrochemical incubations compared to an abiotic control at +100 mV versus SHE. (c) Electron
uptake by WT AB26 at +100 mV versus SHE in the µ-BEC under light-dark cycle (shaded region)
compared to abiotic controls. Data shown are representative of three experiments. For source data
refer to Supplementary Table 4.2.
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Supplementary Figure 4.3. Digital images of 12-reaction chambered microbioelectrochemical (µ-BEC) platform. A view of µ-BEC platform (a); Experimental setup of µBEC platform (b). The microfluidically-connected channels with 12-reaction chambers on a top
glass cassette layer (top layer, thickness: 0.5mm) was stacked with the bottom glass cassette layer.
The bottom stack of the glass cassette (thick ness: ~170 µm) consists of transparent conductive
indium doped titanium oxide (ITO) coated spots (working area: 1.96 mm2) as the working
electrode, gold (Au) layer as the counter electrode and silver (Ag) layer as the reference electrode
(Ag layer was anodized as AgCl in 0.1M KCl by inter connecting the Ag/AgCl electrode for 24
h). Microfabrication of the device, and quality testing were performed at the Institute of Materials
Science and Engineering (IMSE) at Washington University in St. Louis.
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Supplementary Figure 4.4. Photosynthetic electron transfer is required for extracellular
electron uptake. Electron uptake (represented as current density) by WT AB26 in the μ-BES
under a light-dark cycle (shaded region) with (red) and without (green) exposure to photosynthetic
ETC (pETC) inhibitors, (a) terbutryn, (b) carbonyl cyanide m-chlorophenyl hydrazine (CCCP),
(c) rotenone, and (d) antimycin A, respectively. The electrode was poised at + 100 mV versus
SHE in these experiments. Data shown are representative of three experiments. The site of
inhibition in the electron path of pETC is indicated by a red halo. P870 (photosystem), P870* (excited
photosystem), UQ (ubiquinone), bc1 (cytochrome bc1), C2 (cytochrome C2), NADH-DH (NADH
dehydrogenase), Δp (proton gradient), H+ (protons), hν (light), ? (currently unknown), PMF
(proton motive force) and ATP (adenosine triphosphate). For source data refer to Supplementary
Table 4.4.
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Supplemental Figure 4.5. DMSO does not affect or contribute to phototrophic extracellular
electron uptake. Current densities for AB26 with DMSO (blue) and without DMSO (green) the
µ-BEC under illuminated and dark conditions (shaded regions). ‘No cell controls’ reactor with
DMSO (red) and without (black) are shown. SWM, seawater media. Data shown are representative
of three experiments. For source data refer to Supplemental Table 4.5.
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Supplementary Figure 4.6: Formate dehydrogenase encoding gene operon (BV509_15145BV509_15165) in AB26 is similar to the fdsGBACD operon in Rhodobacter species (red box).
Gene ortholog neighborhood regions with BV509_15155 (Ga0336934_3265, formate
dehydrogenase subunit α) gene’s bidirectional best hits are shown (jgi.doe.gov). The
BV509_15155 homologs are shown in red. Genes of the same color (except, light yellow) represent
the same orthologous group.
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Supplementary Figure 4.7. ∆BV509_10070 AB26 mutant has no growth difference compared
to WT AB26 under different growth conditions. Chemoheterotrophic growth in marine broth
(MB) medium aerobically in the dark (a), photoheterotrophic growth with acetate as the electron
donor (b), and photoautotrophic growth with thiosulfate (c) or hydrogen (d) as the electron donor.
Error bars are means ± standard deviations of three biological replicates.

159

Supplementary Figure 4.8. ∆BV509_10070 AB26 mutant has no defect in photoferrotrophy.
(a) Fe(II) oxidation by ∆BV509_10070 mutant and WT AB26 in cell suspension assays. Error bars
represent means ± standard deviations of three biological replicates assayed in duplicate. Fe(II)
oxidation by ∆BV509_10070 mutant and WT AB26 (b) and growth determined as OD660 (c) during
photoferrotrophy. Error bars are means ± standard deviations of three biological replicates.
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R. gelatinosus
R. sulfidophilum AB26
R. sphaeroides

37 EYYAPKNFNVWYFFGSLAMLVLVIQIVTGI 66
34 MIPTPKNLNWMWIWGVVLFFTLVLQIVTGI 63
34 MIPTPRNLNWMWIWGVVLAFCLVLQIVTGI 63

R. gelatinosus
R. sulfidophilum AB26
R. sphaeroides

241 GIPLDGIPFHPYYTVHDIYGVAIFLILYSA 271
236 EADKDTLPFWPYFVMKDLFALGVVLVVFFA 266
236 EAQKDTVPFWPYFIIKDVFALAVVLLVFFA 266

Supplementary Figure 4.9. PetB amino acid sequence alignment showing the putative Qi
pockets. Triangle, amino acid substitutions (I49F, A55M and I254T) in the putative Qi pockets
(highlighted box) of Rubrivivax gelatinosus compared to Rhodobacter sphaeroides are implicated
for antimycin resistance [86].
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Supplementary Table 4.1. Doubling time (Td) for WT and ∆BV509_10070 AB26 under different
growth conditions

Strains

Growth conditions
Aerobic

Anaerobic

Marine broth

SW + Acetate

SW + Thiosulfate

SW + H2CO2

WT

5.27 ± 0.15

13.28 ± 1.06

15.2 ± 0.75

10.98 ± 0.81

∆BV509_10070

4.83 ± 0.21

13.79 ± 0.74

14.85 ± 1.35

10.62 ± 0.55
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Supplementary Table 4.2. Phototrophic EEU by AB26 in bulk BES and μ-BEC under
illuminated condition

Poised potential
(mV)

Current density (nA cm-2)
in BES

P-values

Current density (nA cm-2)
in µ-BEC

P-values

-200

-16.78 ± 0.64

<0.00001

-30.21 ± 0.13

<0.00001

+100

-13.36 ± 0.52

<0.00001

-31.20 ± 0.69

<0.00001
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Supplementary Table 4.3. Current uptake by AB26 with inhibitors in the μ-BEC poised at -200
mV vs. SHE

Inoculums

Concentration
of inhibitor

Current density under
illumination (nA cm-2)

Inhibition of
Phototrophic
EEU (%)

P-values

-

-30.21 ± 0.13

-

-

AB26 + CCCP

100 µM

-5.92 ± 0.10

80.40 ± 0.3

<0.00001

AB26 + Terbutryn

100 µM

-7.28 ± 0.08

75.90 ± 0.3

<0.00001

AB26 + Rotenone

100 µM

-9.89 ± 0.05

67.26 ± 0.2

<0.00001

AB26 + Antimycin A

100 µM

-22.16 ± 0.12

26.65 ± 0.4

<0.00001

AB26
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Supplementary Table 4.4. Current uptake by AB26 with inhibitors in the μ-BEC poised at +100
mV vs. SHE

Inoculums

Concentration
of inhibitor

Current density under
illumination (nA cm-2)

Inhibition of
Phototrophic EEU
(%)

P-values

-

-31.20± 0.69

-

-

AB26 + CCCP

100 µM

-3.30 ± 0.13

89.40 ± 0.41

<0.00001

AB26 +Terbutryn

100 µM

-6.20 ± 0.92

80.12 ± 2.95

<0.00001

AB26 +Rotenone

100 µM

-9.16 ± 0.07

70.66 ± 0.22

<0.00001

AB26 +Antimycin A

100 µM

-23.34 ± 1.30

25.19 ± 0.12

<0.00001

AB26

165

Supplementary Table 4.5. DMSO does not affect current uptake by AB26 in the μ-BEC either
at -200 mV or +100 mV vs. SHE

Current density
at -200 mV
(nA cm-2)

Current density
at +100 mV
(nA cm-2)

AB26

AB26 + DMSO

% Inhibition

P-values

-30.54 ± 0.3

-30.15 ± 0.2

1.2

0.0130

-30.73 ± 0.2

-30.22 ± 0.2

1.6

0.0013
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Supplementary Table 4.6. Predicted genes of CO2 fixation cycle in the AB26 genome.

Locus tag

GenBank accession no.

Annotation

BV509_05510 •

OLS43842.1

RuBisCO activation protein (CbbO)

BV509_05515 •

OLS43843.1

RuBisCO activation protein (CbbQ)

BV509_05520 •

OLS43844.1

RuBisCO form I small subunit (CbbS)

BV509_05525 •

OLS43845.1

RuBisCO form I large subunit (CbbL)

BV509_05530 •

OLS43846.1

RuBisCO operon transcriptional regulator (CbbR)

BV509_15210 •

OLS45555.1

RuBisCO operon transcriptional regulator (CbbR)

BV509_15215 •

OLS45556.1

Fructose-bisphosphatase class I (Fbp)

BV509_15220 •

OLS45557.1

Phosphoribulokinase (PrK)

BV509_15225 •

OLS45558.1

Transketolase (Tkl)

BV509_15230 •

OLS45559.1

BV509_15235 •

OLS45560.1

Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)
Phosphoglycerate kinase (Pgk)

BV509_15240

OLS45561.1

Fructose-bisphosphate aldolase class II (Fba)

BV509_15245

OLS45562.1

RuBisCO form II (CbbM)

BV509_15250

OLS45563.1

Ribulose-phosphate 3-epimerase (Rpe)

BV509_06305 •

OLS43991.1

Ribose-5-phosphate isomerase (Rpi)

BV509_11205 •

OLS44848.1

Triosephosphate isomerase (Tpi)
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Supplementary Table 4.7. List of genes upregulated under phototrophic EEU
Locus tags

GenBank accession no.

Annotation

Log2-fold
change
3.84

Adjusted P
values
1.23E-08

BV509_15145

OLS45542.1

Formate dehydrogenase
subunit gamma (FdhG)

BV509_15150

OLS45543.1

Formate dehydrogenase
subunit betta (FdhB)

3.82

1.60E-10

BV509_15155

OLS45544.1

Formate dehydrogenase
subunit alpha (FdhA)

4.12

1.12E-10

BV509_15160

OLS45545.1

Formate dehydrogenase
accessory sulfurtransferase
FdhD

4.24

4.34E-14

BV509_15165

OLS45546.1

Formate dehydrogenase
subunit delta (FdhD)

4.32

3.98E-14

BV509_18680

OLS46174.1

Cytochrome c oxidase, cbb3type subunit III

1.88

3.81E-09

BV509_18685

OLS46175.1

MULTISPECIES: cbb3-type
cytochrome c oxidase
subunit III

3.50

1.12E-11

BV509_18690

OLS46176.1

Cytochrome c oxidase, cbb3type subunit II

3.16

1.85E-10

BV509_18695

OLS46177.1

Cytochrome c oxidase, cbb3type subunit I

3.43

7.40E-11

BV509_01095

OLS43082.1

Mar family transcriptional
regulator

6.23

0.000216

BV509_14915

OLS45498.1

Cytochrome c peroxidase

6.48

1.04E-25

BV509_18570

OLS46800.1

Hypothetical protein

2.85

4.08E-10

BV509_04560

OLS43676.1

c-type cytochrome, methanol
metabolism-related

2.17

0.006142
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Supplementary Table 4.8. CXXCH motif containing potential cytochrome c in AB26 genome

SN

Gene

GenBank accession no.

No. of CXXCH motif

Predtat

1

BV509_15885

OLS45679.1

5

Sec

2

BV509_00325

OLS42949.1

3

TM

3

BV509_10070

OLS44651.1

2

Sec

4

BV509_09630

OLS44568.1

2

Sec

5

BV509_12985

OLS45169.1

2

TM

6

BV509_20295

OLS46459.1

2

Sec

7

BV509_02665

OLS43341.1

2

Sec

8

BV509_09650

OLS44572.1

2

Sec

9

BV509_01335

OLS43116.1

2

Sec

10

BV509_18680

OLS46174.1

2

TM

11

BV509_14915

OLS45498.1

2

Sec

12

BV509_14805

OLS46746.1

2

-

13

BV509_19860

OLS46380.1

1

Sec

14

BV509_02700

OLS46558.1

1

Sec

15

BV509_00825

OLS43033.1

1

Sec

16

BV509_09615

OLS44565.1

1

Sec

17

BV509_18760

OLS46189.1

1

Sec

18

BV509_19075

OLS46807.1

1

Tm

19

BV509_04560

OLS43676.1

1

Sec

20

BV509_14345

OLS45397.1

1

Sec

21

BV509_07760

OLS44243.1

1

TM

22

BV509_10185

OLS44670.1

1

TM

23

BV509_09645

OLS44571.1

1

Sec
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24

BV509_05505

not found

1

-

25

BV509_12225

OLS45028.1

1

-

26

BV509_17695

OLS46008.1

1

-

27

BV509_12240

OLS45031.1

1

-

28

BV509_09110

OLS44482.1

1

-

29

BV509_06340

OLS43998.1

1

-

30

BV509_02055

OLS43240.1

1

-

31

BV509_14495

OLS45424.1

1

-

32

BV509_14485

OLS45423.1

1

-

33

BV509_18570

OLS46800.1

1

-

34

BV509_10485

OLS44723.1

1

-

35

BV509_13150

OLS45195.1

1

-

36

BV509_07480

OLS44190.1

1

-

37

BV509_18690

OLS46176.1

1

-

38

BV509_04070

OLS43582.1

1

-

39

BV509_09130

OLS44486.1

1

-

40

BV509_04170

OLS43602.1

1

-
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Supplementary Table 4.9. Putative iron-sulfur cluster containing proteins in the AB26 genome

SN

Locus tag

GenBank accession no.

Annotation

1

BV509_05760

OLS43889.1

Glycolate oxidase iron-sulfur subunit

2

BV509_10890

OLS44792.1

Sulfite reductase

3

BV509_13150

OLS45195.1

Dihydropyrimidine dehydrogenase

4

BV509_19200

OLS46265.1

Glycyl-radical enzyme activating protein

5

BV509_04265

OLS43620.1

Hypothetical protein

6

BV509_03085

OLS43411.1

Phenylacetic acid degradation protein

7

BV509_04200

OLS43608.1

NAD(FAD)-dependent dehydrogenase

8

BV509_05115

OLS43777.1

Ferredoxin

9

BV509_06340

OLS43998.1

2Fe-2S ferredoxin

10

BV509_12075

OLS45003.1

Drug:proton antiporter

11

BV509_13270

OLS45215.1

NAD(FAD)-dependent dehydrogenase

12

BV509_16175

OLS45732.1

Xanthine dehydrogenase small subunit

13

BV509_21040

OLS42418.1

Hybrid-cluster NAD(P)-dependent
oxidoreductase

171

Supplementary Table 4.10. Potential biosynthetic clusters for secondary metabolites in AB26
genome predicted by antiSMASH bacterial version

Region in
the genome

Biosynthetic
cluster based on
main enzyme
hits

Main enzyme
hits (Locus tag)

GenBank
accession no.

Protein
length
(aa)

Annotation

232,370 279,344

T1PKS

BV509_01360

OLS43121.1

2324

Hypothetical protein

982,424 –
1,002, 574

h-serine
lactone

BV509_05060

OLS43766.1

176

N-acyl-L-homoserine
lactone synthetase

1,692,614 –
1,703,009

Ectoine

BV509_08485

OLS44374.1

131

L-ectoine synthase

3,330,546 –
3, 351,187

h-serine
lactone

BV509_16410

OLS45778.1

213

Autoinducer synthase

4,034,649 –
4,055,704

Terpene

BV509_19830

OLS46818.1

351

Phytoene synthase
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Supplementary Table 4.11. Primers used for developing BV509_10070-deletion construct and
confirmation in AB26
Primers used for developing gene deletion construct
Primers

Sequence (5’ -> 3’)

Vec_613U_F

TGCATGCCTGCAGGTCGACTCTAGActcgtcgccccgatcctggtggccg

GnR_613U_R

TCGGTTTTCTGGAAGGCGAGCATCttggtcctcccaaggttgaatgccttcg

613U_GnR_F

aaggcattcaaccttgggaggaccaaGATGCTCGCCTTCCAGAAAACCGAG

613D_GnR_R

acgcggcgggcgcgtcccggggctcgggccTTAGGTGGCGGTACTTGGGTCG

GnR_613D_F

ATATCGACCCAAGTACCGCCACCTAAggcccgagccccgggacgcgcccg

Vec_613D_R

AACGACGGCCAGTGAATTCGAGCTCgatcgagcattcgtcgatccgctgg
Primers used for sequence confirmation and mutant screening

Seq_613Del_F

AGTTAGCTCACTCATTAGGCAC

Seq1_613del_R

tccagagcccggccagcgtg

Seq2_613Del_F

tcgacacgctggccgggctc

Seq3_613del_F

agatcgtcgccgaaccgggcag

Seq4_613Del_R

tgcccggttcggcgacgatctg

Seq5_613Del_F

TGTACAGTCTATGCCTCGGGCATC

Seq6_613Del_R

TGCTTGGATGCCCGAGGCATAG

Seq7_613Del_F

TGCTTATGTGATCTACGTGCAAGC

Seq8_613Del_R

TGCTTGCACGTAGATCACATAAGC

Seq9_613Del_F

aacaatcaagggcgtcttgtcg

Seq10_613Del_R

agacgcccttgattgtttgtgtg

Seq11_613Del_R

TGTGCTGCAAGGCGATTAAGTTG
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Chapter 5
Conclusions and Future Directions
The genes essential for photoferrotrophy in Rhodopseudomonas palustris TIE-1 were
identified by Jiao and Newman [1]. These genes are encoded in the pioABC operon, with the ORFs
predicted to be: PioA, a cytochrome c type decaheme protein; PioB, a β-barrel membrane protein;
and PioC, a high potential iron-sulfur protein (HiPIP). The pioABC operon is also involved in
phototrophic EEU [2]. However, the molecular mechanisms of photoferrotrophy and phototrophic
EEU have been difficult to unravel until my thesis work presented in chapter 2. In this work, we
use a combination of approaches to elucidate the mechanisms underpinning the use of both soluble
iron and poised electrodes as electron donors for photosynthesis. We found that: (i) R. palustris
TIE-1 produces PioA, which can exist freely in the periplasm or in complex with PioB in the
membrane; (ii) in both of these forms, PioA only contains N-terminally processed heme-attached
C-terminus PioA (holo-PioAC); (iii) N-terminal processing is integral for holo-PioAc production;
(iv) PioA is processed at Ala243 to produce holo-PioAC; (v) N-terminally processed holo-PioAC
is the functional iron oxidase in TIE-1; (vi) PioACB complex, but not periplasmic PioAC, catalyze
soluble iron oxidation extracellularly; (vii) PioACB complex is responsible for phototrophic EEU;
and (viii) PioA processing, PioACB complex formation, photoferrotrophy, and phototrophic EEU
are conserved in other phototrophs harboring the homologous protein system.
Our in silico analysis suggests a model for the holo-PioACB complex, where holo-PioAC
inserts through PioB to reach across the outer membrane [3]. This model is supported by the
recently solved molecular structure of the MtrCAB complex, where MtrAB (homologs of holo185

PioACB in Shewanella) spans across the outer membrane [4]. The model is also supported by the
findings from a structure-function analysis of PioA [5]. Although both the PioAB and MtrCAB
systems are used to transfer electrons across the outer membrane and studies suggest that MtrAB
and PioAB might have similar structures, these two systems are fundamentally different in many
ways. Most notably, the extracellular electron transfer, naturally, occurs in opposite directions, and
the PioAB system has a single decaheme cytochrome c (PioA), unlike two decaheme cytochrome
c proteins (MtrA and MtrC) encoded in Shewanella oneidensis MR-1. Moreover, the biophysical
and biochemical properties of PioA has been recently shown to differ than that of MtrA proteins
[5]. Therefore, one of the important following steps of this project will be to determine a crystal
or cryo-EM structure of the holo-PioACB complex. The findings from the proposed study will be
important to unravel the key structural factors that make the PioAB system unique compared to
the MtrCAB system and may help us to understand the mechanism that controls the directionality
of electron transfer.
The holo-PioACB complex can be purified from the membrane fraction of R. palustris TIE1 grown photoautotrophically with hydrogen. A detailed method for fractionation and membrane
or pellet fraction separation has been described in chapter 2. Like MtrAB complex [6], the PioAB
complex can be purified using a combination of anion exchange and size exclusion
chromatography followed by screening the elution fractions for the spectral peak at 408 nm for
oxidized form PioA. Alternatively, PioA and PioB proteins can be produced and purified using
affinity tags both from the native host R. palustris TIE-1 or heterologous host E. coli.
Microbes capable of phototrophic EEU are good candidates for microbial electrosynthesis,
a process in which microbes use electricity to produce biocommodities from carbon dioxide (CO2)
[7-9]. However, the limited EEU capability of the native host is considered to be one of the major
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obstacles in advancing this new biotechnological avenue forward. In this work, we observed that
the phototrophic EEU capability of R. palustris TIE-1 directly correlates with the amount of PioAB
complex (electron-conduit) present in the cell. This result suggests that by engineering R. palustris
TIE-1 to produce more of the PioAB proteins, we can improve its phototrophic EEU capability.
From the biotechnological viewpoint, this is an important and interesting question to be followed
up in future studies. The hypothesis could be tested by studying the phototrophic EEU capability
of R. palustris TIE-1 engineered for overproduction of PioABC system. This can be achieved by
overexpressing pioABC genes under a constitutive or inducible promoter through a plasmid or by
chromosomal genes integration in R. palustris TIE-1. It is worth noting that the engineering efforts
in these future studies should also consider inducing the heme maturation system along with the
overexpression of pioA. This is because the native heme maturation system is tightly regulated and
the pioA expression alone may not lead to the higher titer of heme attached PioA (functional
protein) in the cell. Overall, development of engineered chassis microorganisms such as R.
palustris TIE-1 with overexpression of either native or heterologous PioAB systems could lead to
higher electron transfer efficiencies.
PioA and PioA-like homologs from phototrophs contains an N-terminal extension
compared to MtrA homologs from non-phototrophic bacteria. In R. palustris TIE-1, we show that
PioA undergoes post-secretory processing of the N-terminus to produce a heme-attached
functional PioAC. The processing of apo-PioA before its heme maturation is an extra step and
novel to cytochrome c biology. Here, we proposed that these phototrophs have evolved to have
this extra step as a mechanism to control the production of decaheme cytochrome c, which is
bioenergetically expensive to produce. Furthermore, we do not know the identity of the
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periplasmic protease that proteolyzes PioA. Answering these questions will be an important future
direction.
Based on substrate specificity of DegP protease [10], and its substrate structure similarity
[11] to the PioA processing site, we hypothesize that DegP protease may be involved in the PioA
processing in R. palustris TIE-1. Search of DegP in the TIE-1 genome suggests the presence of
seven homologs. This indicates potential functional redundancy of DegP in R. palustris TIE-1.
Due to this reason, genetic assessment of the role of DegP in PioA processing in R. palustris TIE1 could be challenging. However, the presence of multiple DegP might also suggest that these
homologs might differ in substrate spscificity. Alternatively, the role of DegP in PioA processing
can be studied using a conditional DegP mutant of E. coli.
All the bacterial strains we studied in our work presented in the chapter 2 are freshwater
organisms. To improve our understanding of marine photoferrotrophs, we studied Rhodovulum
robiginosum, a marine photoferrotroph [12] in chapter 3. We reported its draft genome [13]. The
main goal of genome sequencing was to identify the potential genes that might be involved in
photoferrotrophy in R. robiginosum. Although our analysis identified multiple putative
cytochrome c, its genome does not contain homologs of either pioABC as in TIE-1 or other proteins
known to be involved in photoferrotrophy or iron oxidation. Our efforts to grow R. robiginosum
aerobically were unsuccessful, and there is also lack of genetic tools for this bacterium. Therefore,
investigation of the potential genes or mechanism of photoferrotrophy in this marine
photoferrotroph will need to be determined in future work.
To improve our understanding of photoferrotrophy and phototrophic EEU in the marine
phototrophic bacteria, we isolated and studied Rhodovulum sulfidophilum AB26. This bacterium
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is metabolically versatile, and it can grow aerobically in the dark as a chemoheterotroph. This
makes R. sulfidophilum AB26, a reasonable host for genetic studies. In our work in chapter 4, we
show that R. sulfidophilum AB26 grow by photoferrotrophy and is also capable of phototrophic
EEU, consistent with our findings from freshwater photoferrotrophs. Together, it supports the
hypothesis that these Gram-negative photoferrotrophs are likely capable of phototrophic EEU.
Phototrophic EEU has been shown to be linked to CO2 fixation via the Calvin-Benson-Bassham
(CBB) cycle in the freshwater phototrophic bacterium, Rhodopseudomonas palustris TIE-1 [14].
Like R. palustris TIE-1, we found electrons during EEU enter the photosynthetic electron transport
chain of R. sulfidophilum AB26 and correlates with upregulation of the CBB cycle genes.
Consistent with this, the rotenone (inhibitor of NADH dehydrogenase complex) treated AB26
shows about 70% reduction in phototrophic EEU. Together, this suggests that carbon fixation via
CBB cycle is most likely a major electron sink during phototrophic EEU in R. sulfidophilum AB26.
Interestingly, we also observed upregulation of the cytoplasmic molybdenum-containing
formate dehydrogenase complex (FDH) encoding operon (BV509_15145-BV509_15165) in R.
sulfidophilum AB26 specifically under phototrophic EEU condition. The FDH is known to
catalyze the reversible reduction of CO2 to formate [15, 16]. Research suggests that reduction of
CO2 to formate is generally favored in high CO2 and NADH conditions [17], which is consistent
with phototrophic EEU. Together, this suggests that a formate dehydrogenase dependent CO2
reduction might be active in AB26 under phototrophic EEU. This hypothesis is further supported
by the fact that we observed only a 25% decrease in phototrophic EEU under cytochrome bc1inhibited condition. This may be due to the transfer of electrons through an alternative ubiquinone
reductase, escaping the inhibited cytochrome bc1 [18]. Because formate dehydrogenase is
upregulated under phototrophic EEU, it seems plausible that electrons from the quinone pool could
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be fed into this alternative electron sink to reduce CO2 under the cytochrome bc1-inhibited
condition. Further studies to test this may include determining whether the deletion of the FDH
encoding gene operon (BV509_15145-BV509_15165) has any effect on phototrophic EEU
capability of R. sulfidophilum AB26. Deletion of electron-sink genes such as RuBisCO in R.
palustris TIE-1 has been shown to impair its phototrophic EEU capability [14]. In this work, I also
developed a genetic system de novo in R. sulfidophilum AB26, and this sets the stage for future
genetic studies.
One of the questions that is yet to be answered here is how R. sulfidophilum AB26 bridges
electrons from soluble iron and/or electrode to the photosynthetic reaction center. Although R.
sulfidophilum AB26 contains several electron transfer family proteins such cytochrome c and ironsulfur proteins, we could not predict homologs of any known proteins that are involved in iron
oxidation and/or extracellular electron transfer (EET) or EEU. This is consistent with our genome
analysis of other marine photoferrotroph, R. robiginosum (Chapter 3). This suggests that R.
sulfidophilum AB26 might use a different electron transfer pathway than that of R. palustris TIE1 for photoferrotrophy and phototrophic EEU. In our comparative proteomics analysis, we
observed upregulation of multiple cytochrome c proteins under photoferrotrophy and phototrophic
EEU. We have successfully deleted BV509_10070 gene from its chromosome to develop the
∆BV509_10070 AB26 mutant. BV509_10070, a putative diheme cytochrome c, was found highly
upregulated during photoferrotrophy and phototrophic EEU. However, we did not observe any
difference in Fe(II) oxidation or photoferrotrophy by ∆BV509_10070 mutant compared to wildtype
R. sulfidophilum AB26. Further studies are required to identify and evaluate the key genes
important for photoferrotrophy and phototrophic EEU in R. sulfidophilum AB26. The findings
from our work in chapter 4 will be important for future studies focusing on identifying the genes
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involved, and/or the mechanisms of photoferrotrophy and phototrophic EEU in this marine
phototroph.
Overall, works presented in my thesis have improved our understanding of
photoferrotrophy and phototrophic EEU in phototrophs from both freshwater and marine
ecosystems. This study suggests that photoferrotrophy and phototrophic EEU are widespread in
nature. These photoautotrophic metabolisms could support microbial survival and sustain primary
productivity in nutrient scarce anoxygenic environments that are abundant in iron and/or iron
minerals or redox-active minerals [19]. Therefore, microbes capable of photoferrotrophy and
phototrophic EEU greatly impact microbial ecology and play an important role in the global
biogeochemical cycling of various elements on Earth. In addition, photoferrotrophy is considered
as a potential metabolism responsible for the deposition of the Archean banded iron formations
(BIFs) [20-24]. Findings from this study will be helpful to our understanding of metabolic
evolution and Earth history. Microbes capable of phototrophic EEU are good candidates for
microbial electrosynthesis, a process in which microbes use electricity to produce biocommodities
from CO2. Findings from this research will aid in improving such biotechnological applications.
This work has also raised several interesting and important questions that needs to be addressed in
future studies. Overall, these studies will help improve our understanding of field of
photoferrotrophy and phototrophic EEU, and the ecological & evolutionary implications of these
metabolisms.
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Appendix I
Production and heterologous characterization of PioA
from Rhodomicrobium vannielii

This work is related to chapter 2 subsection 2.4.7 “Postsecretory processing of PioA and
holo-PioACB complex formation is a conserved trait in other phototrophs”. In this study, I showed
that a similar post-translational processing of PioA-like homologs and PioAB complex formation
occurs in the phototrophic bacteria containing pioABC homologs as in Rhodopseudomonas
palustris TIE-1 (TIE-1). To this end, I was interested to know if the expression of pioA-like genehomolog from another phototroph could complement ∆pioA TIE-1 mutant. To answer this
question, I amplified pioA gene (Rv-pioA) from R. vannielii DSM 162 [1] with a C-terminal 6XHIS
tag and cloned it under the pio promoter of TIE-1 in a complementing plasmid. After
complementing ∆pioA TIE-1 mutant with Rv-pioA, I first confirmed expression of Rv-pioA by
heme staining and then tested if Rv-pioA expression enables TIE-1 ∆pioA mutant to perform Fe(II)
oxidation by cell suspension assay.
R. vannielii DMS162 [1] was acquired from the Leibniz-Institut DSMZ GmbH. R. vannielii
DMS162 was cultured photoheterotrophically in sterile anaerobic bottles containing FW medium
with 10 mM succinate. Genomic DNA was prepared using a DNeasy blood and tissue kit following
the manufacturer’s protocol (Qiagen, Germany). The Rv_pioA gene was amplified with a Cterminal His tag using primers Rv-pioA_F (gagacatatgatgtttttctctattttggccggctc, NdeI site bold and
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underlined) and Rv-pioA_R (tgtaggatccttaatggtgatggtgatggtgccatctcgatccggatg, BamHI site bold
and underlined) and cloned under TIE-1 pio promoter in pAB307 plasmid [2] replacing lacZ using
NdeI and BamHI sites. Primers for the pioA gene amplification was designed using the genomic
sequence from R. vannielii ATCC17100. Although R. vannielii ATCC17100 and R. vannielii
DMS162 strains were mentioned to be same, after sanger sequencing of the cloned Rv_pioA gene
(Figure A1.1), I found out that the sequences are not identical. Nucleotide blast of the Rv_pioA
sequence (confirmed by Sanger sequencing) results into a single hit which is from R. vannielii
ATCC17100 with 88.37% identity. The annotated protein of the pioA sequence encodes for a decaheme protein, which is 98.93% and 87.37% identical to PioA from R. udaipurense and R. vannielii
ATCC17100 respectively.
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A.
>pioA_R. vannielii DSM 162 (nucleotide)
ATGTTTTTCTCTATTTTGGCCGGCTCTTCAAGTGGAGAGCCGGAGCGGAGGCGTTTGCGCCTTCCACTG
CGAGCGATCTGGACCCTGCCGGCAATAGGCTTTCTGATCGCAATGGCGAGCGGGCAGGCGACCGCCG
GACAAACCGCTGCGATCGGTTCCGACGTCTTCGTGTATGCAATGCAGGCTCAAGCGGGCGAAAAGCCG
CTTCCGGTCGGGCACCCTGACGTTTCGAGCATAGGCTCTGTAGGCGGCGCTCACGGCGCTAAAAGCGC
TCACGGCGCAAAAAGCCCGCATGGGGCGATGGGCGCGAGCCCACACGCAGGCATCTCTTCGTCGAAG
GCGAGTCCCGCGAAGGCGCTTCTCAATCATGCGCTGTTTACGCCGGAAGCCGGTCTCGTCGGTGGTGC
TAAACGATCCAGCAGCAACGCCGATGCCGAGACCGAGCATCTGATCATGGTCGCGGAATCTGTCCCGG
CCGCGAAAGCCGCTCCAGCCGCTGCCGCTGACAGCCAGGCGAAGATGATCCGCCCCGCTGCCGACGAT
CCGGAAGGCCGCTATTACGTCGGCTCGGAGCCCTGCAAGGTCTGCCACGCCTATCTGTTCGACGAGTT
CAAGCTCACGGTCATGGGCCGCAACTTCCACGCGGGCAAGGATACGCCCAAAGGCAAGATGGACTGT
GAAACCTGCCACGGCCCCGCATCGGCGCACGTGAACGGCGGCGGCGGTCGTCTCGGCGGCGGTATCC
GGTCGTTCCGGAAATCCGATCCGCGCACCTCAGTTGCCGACACGAACGGCGTCTGCTTGCAGTGCCAC
GAGAAGAACGACCGCACCTACTGGAAGGGCAGCACGCACGAGACGCGCGACGTCGCCTGCACCGACT
GCCACACCGTCATGCGCAAGACCTCGCCGCGCTTCCAGCTGGCGAAGGGCACTGTGCAGGACACATGC
TTCCAGTGCCACAAGGATCGCCGCGCGCAGAGCCTCCGCAGCGCTCACATGCCGATGATCGAGGGCAA
GATCAGCTGCTCCAGCTGTCACAACCCGCACGGCAGCGCGTCGGAAACGGCGATGCTCAAGGAAGCG
ACCGTCAACGACACCTGCTACCAGTGCCATGCCGACAAGCGCGGTCCGTTCCTGTTCGAACATGCGCC
GGTTCGCGAGAACTGCATGAACTGCCACGAACCGCACGGCTCCATGCACAACAGCCTGCTCGTGGTGG
CCCGCCAGCGGCTCTGCCAGCGGTGTCATACAGGGGGCTTCCACCCCGGTACTATTGGCCTGGGCGTT
ACGCCCGCCGATGGGGGCACGCTCGCCAACAACAATCGTCGACTCGTCGGGCAGGCCTGCCAGAACT
GCCACACCAACATCCACGGCTCGAACGcgccGTCCGGATCGAGATGGCACCGGTAA

B.
>PioA_R. vannielii DSM 162 (protein)
MFFSILAGSSSGEPERRRLRLPLRAIWTLPAIGFLIAMASGQATAGQTAAIGSDVFVYAMQAQAGEKPLPVG
HPDVSSIGSVGGAHGAKSAHGAKSPHGAMGASPHAGISSSKASPAKALLNHALFTPEAGLVGGAKRSSSNA
DAETEHLIMVAESVPAAKAAPAAAADSQAKMIRPAADDPEGRYYVGSEPCKVCHAYLFDEFKLTVMGRN
FHAGKDTPKGKMDCETCHGPASAHVNGGGGRLGGGIRSFRKSDPRTSVADTNGVCLQCHEKNDRTYWK
GSTHETRDVACTDCHTVMRKTSPRFQLAKGTVQDTCFQCHKDRRAQSLRSAHMPMIEGKISCSSCHNPHG
SASETAMLKEATVNDTCYQCHADKRGPFLFEHAPVRENCMNCHEPHGSMHNSLLVVARQRLCQRCHTGG
FHPGTIGLGVTPADGGTLANNNRRLVGQACQNCHTNIHGSNAPSGSRWHR

Figure A1.1. Nucleotide and amino acid sequences of PioA-like homolog from R. vannielii
DSM 162. (A) Nucleotide sequence identified by sanger sequencing of PCR-amplified pioA from
R. vannielii DSM 162 (Rv-pioA). Nucleotide blast with this sequence result into only a single hit,
the pioA-like homolog from R. vannielii ATCC 17100, with 88.37% identity. Rv-pioA encodes for
a PioA-like deca-heme protein (B). The CXXCH heme-binding motifs are shown in red.
Highlighted regions indicate peptides identified by mass spectrometry.
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After confirming Rv_pioA is indeed a deca-heme protein, I used it to complement TIE-1
∆pioA mutant. Similar protocols used in chapter 2 were followed to perform affinity purification
of Rv_PioA and cell suspension assay. First, I confirmed production of holo-Rv-PioA in the
affinity-purified protein from the complemented TIE-1 mutant by heme staining (Figure A1.2) and
mass spectrometry (Figure A1.1). Like TIE-1, A smaller size (~37 kDa) heme stainable band than
that expected (~48 kDa) was observed for holo-Rv-PioA (Figure A1.2). Furthermore, mass
spectrometry analysis detected only the C-terminal peptides of Rv-PioA (Figure A1.1). Consistent
with TIE-1, this result suggests that Rv-PioA undergoes its N-terminal proteolysis to produce holoRv-PioA. However, TIE-1 ∆pioA mutant complemented with Rv-pioA could not perform Fe(II)
oxidation compared to WT TIE-1 as determined by cell suspension assay (Figure A1.2). In similar
experiments, PioA from TIE-1 could complement the Fe(II) oxidation in ∆pioA TIE-1 mutant [3].
Our data from TIE-1 showed that interactions between PioA and PioB is crucial for holoPioACB complex formation and therefore, for phototrophic Fe(II) oxidation. Inability of Rv-PioA
to complement Fe(II) oxidation in ∆pioA TIE-1 mutant might suggest that the interaction between
PioA (PioA-like homolog) and PioB (PioB homolog) is specific in these phototrophs. In future,
this question can be tested by a complementation analysis where the full pioABC operon from R.
vannielii is heterologously expressed under pio promoter in a ∆pioABC TIE-1 background.
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Figure A1.2. Expression of Rv-PioA cannot rescue Fe(II) oxidation in ∆pioA TIE-1. (A)
Confirmation of expression of heme-stainable protein band (asterisk) from ∆pioA TIE-1 mutant
complemented with Rv-pioA after affinity purification. Mass spectrometry analysis (Figure A1.1)
confirmed that the heme-stainable band is Rv-PioA. (B) Bar diagram showing Fe(II) oxidation by
∆pioA TIE-1, ∆pioA TIE-1 complemented with Rv-pioA and WT TIE-1 during cell suspension
assay. Fe(II) concentration measured during start of experiment (T0) and after 8 hours (T8) are
presented in bar graph.
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Appendix II
A Rrf2 family transcriptional regulator, Rpal_0730, is
important for photoferrotrophy in Rhodopseudomonas
palustris TIE-1

Anoxygenic phototrophs such as Rhodopseudomonas palustris TIE-1 (TIE-1) can use
soluble or insoluble forms of ferrous iron as an electron donor for photosynthesis, a process called
photoferrotrophy [1]. For photoferrotrophic growth of TIE-1, expression of proteins encoded by
the pioABC operon is important [2]. The pio operon is known to be regulated by a CRP/FNR
family regulator FixK and expressed only under anoxic conditions [3]. However, an iron
responsive upregulation of the pio system during photoferrotrophy [3] is not clearly understood.
In Rhizobia, coregulation by iron and oxygen response regulators for iron metabolism
genes is known [4]. Iron metabolism or homeostasis in bacteria are maintained by one or more
global iron regulators. These iron regulators belong to one of the following families, namely Fur,
Mur, Irr, and RirA. Bioinformatics analysis of promoter region of the pio operon predicts only one
binding site (TGAN9TCA) for RirA [5] (Figure A2.1). RirA (Rhizobial iron responsive regulator
A) is a global iron regulator in alpha-proteobacteria [5, 6]. Homology search for RirA in TIE-1
results into a single hit, Rpal_0730. Like RirA, Rpal_0730 belongs to the Rrf2 family transcription
regulator.
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TGA-N -TCA
9

Figure A2.1. The pioABC operon promoter region contains a putative RirA binding motif
(TGAN9TCA). FixK binding region and transcriptional start site (TSS) are indicated.

Figure A2.2. Overlay of predicted RirA structures from Sinorhizobium meliloti (blue) and
Rpal_0730 (pink). Helix turn helix (α1, α2, α3, β1, β2, and α4) DNA-binding domains are
indicated. Structure predicted from RaptorX were overlaid in Chimera using default parameters.
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The best studied Rrf2 proteins are IscR (regulator of iron–sulfur cluster) and NsrR
(regulator of nitrosative stress response). Both along with RirA are known to bind to a Fe-S cluster
[4]. Three C-terminal cysteine residues have been proposed to be important for this cluster binding
and the residues are conserved in previously studied RirA homologs [4]. Although Rpal_0730 has
the Rrf2-type helix-turn-helix (α1, α2, α3, β1, β2, α4) DNA-binding domain (Figure A2.2), it lacks
the conserved cysteine residues (Figure A2.3). These residues are important for the regulatory
function of RirA [7]. It is plausible that the Rpal_0730 might involve a different mechanism to
sense iron during photoferrotrophy than coordinating with the Fe-S cluster. A homolog of
Rpal_0730 in Rhodopseudomonas palustris CGA009, BadM, has been hypothesized as a
transcriptional repressor of benzoate reductase (anaerobic benzoate degradation) [8]. However, its
role and mechanism are not fully understood.
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Figure A2.3. Multiple sequence alignment of Rrf2 family transcription regulator proteins.
Conserved RGXXGG motif among all the aligned proteins are indicated. Three cysteine residues
conserved among IscR and RirA proteins are highlighted in blue. Proteins without conserved
cysteine residues are highlighted in gray color. v, vannielii; u, udaipurense; Sm, Sinorhizobium
meliloti; Rl, Rhizobium leguminosarum; At, Agrobacterium tumefaciens; Sc, Streptomyces
coelicolor; Bs, Bacillus subtilis, Rpal, Rhodopseudomonas palustris.
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To understand whether the Rpal_0730 is closely related to any of the previously
characterized subset of Rrf2 family regulators, we performed phylogenetic analysis of Rpal_0730
and representative Rrf2 family protein sequences. Rpal_0730 and its homologs from related
photoferrotrophs clustered in a different clade than that of IscR, NsrR, CymR, and RirA (Figure
A2.4). This suggests that Rpal_0730 might represent a different subset of Rrf2 family regulator.

Figure A2.4. Maximum likelihood (ML) phylogenetic tree of Rpal_0730 and homologous
Rrf2 family transcription regulator proteins. Rpal_0730 homologs from photoferrotrophs are
clustered together in a different clade (unhighlighted) than that of previously studied subgroups of
Rrf2 regulators (highlighted clades).
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Bioinformatics analysis suggests that Rpal_0730 might be important for the regulation of
the pioABC operon in TIE-1 during photoferrotrophy. To test this hypothesis, we developed a
Rpal_0730 deletion mutant of TIE-1. We hypothesize that if the Rpal_0730 is required for the
expression of the pioABC operon, ∆Rpal_0730 TIE-1 would be defective in its ability to oxidize
Fe(II) and grow by photoferrotrophy. This is because the PioABC system is required for Fe(II)
oxidation and photoferrotrophy in TIE-1. To test this, we used cell suspension assays as previously
described [2, 9, 10]. We observed an intermediary decrease in Fe(II) oxidation by ∆Rpal_0730
TIE-1 compared to wildtype (WT) and ∆pioABC TIE-1 (used as a positive and a negative control,
respectively) (Figure A2.5). This result suggests that the autotrophically grown ∆Rpal_0730 TIE1 with hydrogen does express the pioABC operon, but lower compared to WT.

Figure A2.5. ∆Rpal_0730 TIE-1 mutant show decreased Fe(II) oxidation in cell suspension
assay. Wildtype (WT) and ∆pioABC TIE-1 were used as positive and negative controls,
respectively. Data are means ±standard deviations of three biological replicates
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We next wanted to know whether the ∆Rpal_0730 TIE-1 is also defective in
photoferrotrophy. We found that ∆Rpal_0730 TIE-1 could not oxidize Fe(II) and grow by
photoferrotrophy (Figure A2.6). Its phenotype is similar to that of the ∆pioABC mutant (Figure
A2.6). This result suggests that Rpal_0730 is important for photoferrotrophy in TIE-1. Here, we
hypothesize that during photoferrotrophy (in the presence of milli molar concentration of Fe(II)),
TIE-1 requires Rpal_0730 as an activator to express the pioABC genes. This hypothesis can be
tested by analyzing total transcripts of the pioABC genes in the ∆Rpal_0730 mutant and WT TIE1 under photoferrotrophic growth condition by performing qPCR as previously described [3]. A
low expression of the pioABC genes in the ∆Rpal_0730 mutant could explain its impaired
photoferrotrophy capability. A follow up complementation analysis will be important to confirm
this hypothesis.

Figure A2.6. ∆Rpal_0730 TIE-1 mutant has a defect in photoferrotrophy. Phototrophic Fe(II)
oxidation (a) and photoferrotrophic growth (b) by wildtype (WT), ∆rpal_0730, and ∆pioABC TIE1. WT and ∆pioABC TIE-1 were used as positive and negative controls, respectively. Data are
means ±standard deviations of three biological replicates.
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Using the potential RirA binding suggested in the previous studies, we identified a RirA
binding site in the upstream of the -35 region of pio promoter (Figure A2.1). This is consistent
with our hypothesis that RirA acts as an activator for the pio operon. Genetic analysis by deleting
the predicted RirA binding site or by mutating its residues or in vitro biochemical studies such as
gel shift assay using purified RirA and the pio promoter could be employed to investigate this
hypothesis. Like photoferrotrophy, phototrophic EEU in R. palustris TIE-1 requires PioABC
proteins. Therefore, if Rpal_0730 is involved in photoferrotrophy via regulating the expression of
the pio system, ∆Rpal_0730 TIE-1 mutant would also show a defect in phototrophic EEU. The
∆Rpal_0730 TIE-1 mutant could be tested by using microfluidic bioelectrochemical cell (μ-BEC)
described in Chapter 2 and 4.
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Appendix III
Determine if the heptaheme cytochrome c encoding
gene operon, Rpal_1084-1087, is important for
phototrophic EEU by the planktonic cells of
Rhodopseudomonas palustris TIE-1

Studies show that both planktonic (about 70%) and electrode-attached (30%)
Rhodopseudomonas palustris TIE-1 cells contribute to the total electron uptake during
phototrophic EEU in the bioelectrochemical systems (BESs) [1, 2]. The pioABC system has been
shown to be essential for phototrophic EEU in the electrode-attached R. palustris TIE-1 cells using
μ-BEC [3]. However, the mechanism that enables planktonic cells to take up electrons from the
electrodes remains to be elucidated [1-3]. It is plausible that TIE-1 can use PioABC-independent
systems to link electron flow from electrode to photosystem.
Since multi-heme cytochrome c proteins are critical for electron transport, I performed an
extensive bioinformatic search to find multi-heme cytochrome c proteins in the whole genome
database of TIE-1. The search shows a few multi-heme proteins, such as a hepta-heme cytochrome
c (Rpal_1087). The Rpal_1087 is predicted as a periplasmic protein of unknown function. This
multi-heme cytochrome c is a part of a gene operon, which encodes for four proteins (Figure A3.1).
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Among proteins of this operon, Rpal_1084 is annotated as a protein of unknown function,
Rpal_1085 is a FAD-dependent oxidoreductase and Rpal_1086 & Rpal_1087 are annotated as
hypothetical proteins. FAD-dependent oxidoreductase belongs to ferredoxin-NADPH reductases
family 1. These proteins are known to interact with electron mediators such as ferredoxin, a small
iron-sulfur protein, to facilitate electron transfer in different metabolic processes [4]. Furthermore,
Rpal_1087 was found to be upregulated under phototrophic EEU condition in a transcriptomic
study (Unpublished data, Bose lab).

Figure A3.1: Schematic diagram of Rpal_1084-1087 operon with neighboring genes in TIE1. A total of ~ 17 kb genome fragment of TIE-1 is shown.
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To test the hypothesis that the heptaheme cytochrome c encoding operon could be
important for phototrophic EEU by planktonic cells in BESs, I developed TIE-1 mutant strains
with the Rpal_1084-1087 operon deletion in both wild type and ΔpioABC background. These
mutants did not show any growth defect on chemoheterotrophic or photoautotrophic growth with
hydrogen. Interestingly, ΔRpal_1084-1087 mutant did not show any defect on Fe(II) oxidation in
cell suspension assays (Figure A3.2). These mutants will be investigated in the future studies to
determine whether the heptaheme cytochrome c encoding operon (Rpal_1084-1087) has a role in
phototrophic EEU by planktonic cells.

Figure A3.2: ΔRpal_1084-1087 TIE-1 does not have any defect in Fe(II) oxidation. ΔpioABC
mutant and WT TIE-1 were used as negative and positive controls, respectively. Fe(II)
concentration at the initial time (T0) and after 30 minutes (T30) of Fe(II) exposure are shown. Error
bars are means ± standard deviations of three biological and two technical replicates.
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Appendix IV
Genetic Redundancy in Iron and Manganese
Transport in the Metabolically Versatile Bacterium
Rhodopseudomonas palustris TIE-1

This chapter was previously published as Rajesh Singh, Tahina Onina Ranaivoarisoa,
Dinesh Gupta, Wei Bai, Arpita Bose (2020) Genetic redundancy in iron and manganese transport
in the metabolically versatile bacterium Rhodopseudomonas palustris TIE-1. Appl Environ
Microbiol 86:e01057-20 and is available at https://doi.org/10.1128/AEM.01057-20.
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Appendix V
Draft Genome Sequences of Three Closely Related
Isolates of the Purple Nonsulfur Bacterium
Rhodovulum sulﬁdophilum

This chapter was previously published as Michael S. Guzman, Beau McGinley, Natalia
Santiago-Merced, Dinesh Gupta, Arpita Bose (2017) Draft genome sequences of three closely
related isolates of the purple nonsulfur bacterium Rhodovulum sulﬁdophilum. Genome Announc
5:e00029-17 and is available at https://doi.org/10.1128/genomeA.00029-17.
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